Does elevated ozone predispose northern deciduous tree species to abiotic and biotic stresses? (Altistaako alailmakehän nouseva otsonipitoisuus pohjoisia lehtipuita abioottisille ja bioottisille stresseille?) by Freiwald, Vera
VERA FREIWALD
Does Elevated Ozone Predispose
Northern Deciduous Tree Species
to Abiotic and Biotic Stresses?
 
 
 
 
JOKA
KUOPIO 2008
KUOPION YLIOPISTON JULKAISUJA C. LUONNONTIETEET JA YMPÄRISTÖTIETEET 227
KUOPIO UNIVERSITY PUBLICATIONS C. NATURAL AND ENVIRONMENTAL SCIENCES 227
 
Doctoral dissertation
To be presented by permission of the Faculty of Natural and Environmental Sciences
of the University of Kuopio for public examination in Auditorium MET,
Mediteknia building, University of Kuopio,
on Friday 15th February 2008, at 12 noon
Department of Environmental Science
University of Kuopio
 
Distributor: Kuopio University Library
P.O. Box 1627
FI-70211 KUOPIO
FINLAND
Tel. +358 17 163 430
Fax +358 17 163 410
http://www.uku.fi/kirjasto/julkaisutoiminta/julkmyyn.html
Series Editors: Professor Pertti Pasanen, Ph.D.
Department of Environmental Science
Professor Jari Kaipio, Ph.D.
Department of Physics
Author’s address: Department of Environmental Science
University of Kuopio
P.O. Box 1627
FI-70211 KUOPIO
FINLAND
Supervisors: Professor Elina Oksanen, Ph.D.
Faculty of Biosciences
University of Joensuu
Professor Jarmo Holopainen, Ph.D.
Department of Environmental Science
University of Kuopio
Reviewers: Docent Seija Kaakinen, Ph.D.
Finnish Forest Research Institute
Suonenjoki Station
Professor Seppo Neuvonen, Ph.D.
Finnish Forest Research Institute
Joensuu Station
Opponent: Docent Sirkku Manninen, Ph.D.
Department of Biological and Environmental Sciences
University of Helsinki
ISBN 978-951-27-0965-6
ISBN 978-951-27-1080-5 (PDF)
ISSN 1235-0486
Kopijyvä
Kuopio 2008
Finland
Freiwald, Vera. Does elevated ozone predispose northern deciduous tree species to abiotic and 
biotic stresses? Kuopio University Publications C. Natural and Environmental Sciences 227. 
2008. 109 p. 
ISBN 978-951-27-0965-6 
ISBN 978-951-27-1080-5 (PDF) 
ISSN 1235-0486 
 
ABSTRACT 
The background concentrations of tropospheric ozone (O3) have almost doubled since pre-
industrial times and are predicted to rise even further, exposing large areas of forest ecosystems 
to critical ozone concentrations. Ozone is known to change the primary and secondary 
metabolism of plants in numerous ways, and can potentially modify plant defence responses 
against other abiotic and biotic stress factors. In this thesis, the joint actions of realistically 
elevated ozone and other abiotic (spring-time frost) and biotic (pathogens and herbivores) stress 
factors were examined. We carried out an eight week chamber experiment to study the effects of 
ozone and late spring frost on leaf injuries and the primary metabolism of six silver birch 
(Betula pendula Roth) genotypes. Although frost-caused visible injuries were generally not 
exacerbated by ozone, ultrastructural chloroplast injuries were evidence of an additive effect of 
combined ozone and frost treatment. Furthermore, the joint action of ozone and frost caused a 
drastic decline in net photosynthesis, stomatal conductance, total pigments and early 
photosynthesis products, alongside with severe structural damage to the chloroplasts. In an 
open-field experiment with hybrid aspen (Populus tremuloides x P. tremula) and European 
aspen (P. tremula) clones, the effects of ozone on the occurrence and severity of aspen shoot 
blight (Venturia tremulae) were studied. We observed significant differences in the chemical 
profile of leaves between the aspen species explaining the good V. tremulae resistance of hybrid 
aspen and the V. tremulae sensitivity of European aspen. Exposure to ozone tended to increase 
the resistance of European aspen, which could be explained by ozone-caused increases in the 
amount of antioxidative phenolics such as chlorogenic acid, neochlorogenic acid and a quercetin 
derivate. In another open-field experiment with two hybrid aspen (Populus tremula x P. 
tremuloides) clones differing in ozone sensitivity, the effect of ozone on the feeding behaviour 
of the common leaf weevil (Phyllobius pyri) was examined via host selection tests. Phyllobius 
pyri preferred the leaves of the ozone tolerant clone 55 to the ozone sensitive clone 110. 
Likewise, the leaves of ozone exposed trees were preferred to ambient air leaves. The greater 
palatability of ozone exposed leaves of clone 55 could be explained by ozone-caused shifts in 
the leaf development process as well as the ontogenic stage, phenolic composition and leaf 
thickness. To conclude, our experiments demonstrated that there is not only a variety of stress 
adaptation mechanisms but also a large genetic variation in the stress responses in both tree 
species. However, elevated ozone levels have the potential to predispose trees to other abiotic 
and biotic stress factors e.g. through destruction of photosynthesis machinery, changes in the 
metabolic status, and nutrient imbalance. Therefore, the increasing ozone concentrations are 
exposing northern deciduous tree species to complex multi-stress situations, and these are 
further complicated by climate warming, changes in precipitation patterns and increasing 
concentrations of other greenhouse gases. 
 
Universal Decimal Classification: 504.5, 504.7, 546.214, 581.2, 581.45, 582.632.1, 582.681.81, 
632.111.5, 632.151, 632.24, 632.7 
CAB Thesaurus: air pollutants; greenhouse gases; ozone; forest trees; Betula pendula; Populus 
tremuloides; Populus tremula; stress factors; frost; plant pathogens; blight; Venturia; herbivores; 
Phyllobius pyri; host preferences; leaves; palatability;  metabolism;  chloroplasts;  ultrastructure; 
photosynthesis;  stomata;  plant pigments; disease resistance; antioxidants;  phenolic compounds; 
genetic variation; nitrogen; nutrient balance 
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General Introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
General Introduction 
 
1.1 Tropospheric ozone and climate change 
 
1.1.1 Tropospheric ozone as a greenhouse gas 
Tropospheric ozone (O3) concentrations have increased substantially since pre-industrial 
times (IPCC, 2007) and are predicted to rise even further at an annual rate of 0.5 - 2.5% 
(Ashmore & Bell, 1991; Stockwell et al., 1997; Vingarzan, 2004). Ozone is a secondary 
pollutant formed by photochemical reactions in the presence of several precursor 
molecules including nitrous oxides (NOx), carbon monoxide (CO) and volatile organic 
compounds (VOCs) (Fowler et al., 1998). Due to the relatively long lifetime of the 
precursor molecules, peaks of high ozone concentrations occur not only in urban areas, 
but also in remote areas hundreds of kilometres downwind from the original pollution 
site. In the upper troposphere, ozone acts as greenhouse gas by absorbing some of the 
infrared light emitted by the earth's surface, thus contributing to global warming. Above 
ground-level, though less concentrated as levels in the upper troposphere, ozone exerts 
many negative effects on the health and welfare of humans, animals and plants. In 
addition to the direct deleterious effects of ozone on the vegetation, it is believed that 
ground-level ozone concentrations contribute indirectly to global warming by 
promoting stomatal closure and decreasing photosynthesis rates, leading to a 
suppression of the global land-carbon sinks (King et al., 2005; Sitch et al., 2007). For 
Europe, climate simulation models predict increasing peak levels of ozone as well as 
increasing average ozone concentrations which in conjunction with rising temperatures 
and decreased cloudiness represent a serious threat to human health and the 
environment in the future (Meleux et al., 2007). 
 
1.1.2 Global warming and disturbed seasonality 
Climate change is considered to be one of the greatest environmental threats facing our 
planet (IPCC, 2007). The global mean temperature has increased by approximately 
0.6ºC over the last century and is predicted to rise at a rapid rate (Houghton, 2001; 
IPCC, 2007). In Europe, the annual mean temperature increased in the 20th century 
about 0.8ºC. One exception is Fennoscandia, where a cooling in mean winter 
temperature and a warming in the average summer temperature was observed 
(Tuomenvirta et al., 1998). Although species have had to adapt several times to climatic 
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changes throughout their evolutionary history, the rapidity of today's change represents 
a major challenge for wild species and their ecosystems (Root et al., 2003). The 
anthropogenic contribution to climate change includes the combustion of fossil fuels, 
agriculture and land-use changes like deforestation. As a consequence, emissions of 
CO2, considered as being mainly responsible for climate change, and other greenhouse 
gases (mainly methane, NOx and halocarbons) accumulate in the atmosphere inhibiting 
the reflection of infrared light from the earth's surface back to space, thus causing 
warming of the atmosphere and the underlying ground surface. Over a longer time 
frame, climate change is expected to cause a shift in climate zones towards the north 
and the melting of glaciers and polar ice caps, followed by a rise in the sea level with 
associated risks for all life forms and ecosystems. Other expected changes due to global 
warming are an increased frequency of extreme weather events including droughts, heat 
waves, torrential precipitation, floods and storms (IPCC, 2007). Results from a meta-
analyses including over 140 long-term studies on changes in vegetation and animals all 
indicate that a significant impact of global warming is already discernible in animal and 
plant populations (Root et al., 2003). For example, a statistically significant change 
towards earlier spring phenology such as the release from dormancy in plants or the 
onset of breeding in animals has occurred (3-5 days earlier in a decade). In Europe, a 
prolonged growing season of about 10 days has been observed since the 1960s (Menzel 
& Fabian, 1999). Especially in northern latitudes, a shift in spring phenology may 
represent a great risk for the survival and fitness of plants due to the greater risk of 
early-spring frosts.  
 
1.2. Ozone and boreal forests 
 
1.2.1 Critical levels 
In the early 1980s, the Canadian government developed a concept of critical levels to 
protect vegetation against deleterious ozone effects. This concept was adopted by 
Europe by incorporation into a working programme under the convention on long-range 
transboundary air pollution. Critical levels for ozone are defined as concentrations 
above which direct adverse effects on plants may occur. The first critical levels for 
ozone in Europe were laid down at the Bad Harzburg United Nations Economic 
Commission for Europe (UNECE) workshop in 1988. The critical levels for ozone in 
Europe are specified as the cumulative ozone exposure using the index AOT40 
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(Accumulated Over the Threshold of 40ppb ozone; the sum of hourly ozone 
concentrations above a cut-off level of 40ppb during daylight hours when radiation 
exceeds 50 W m-2) over a six month growing season. The critical AOT40 value for 
forest trees has been determined to be 10 ppm-h (Fuhrer & Achermann, 1994; 
Kärenlampi & Skärby, 1996), whereas the critical AOT40 value for agricultural crops 
and natural vegetation (annual plants) has been defined as 3 ppm-h. However, recent 
studies have indicated that a critical level of 5 ppm-h would be more appropriate to 
protect the most sensitive species (Karlsson et al., 2004). Furthermore, it has only 
recently been understood that it is the actual uptake of ozone by the plant (internal dose) 
rather than the external exposure that should be used in ozone risk assessment (Ashmore 
et al., 2004; Musselman et al., 2006; Matyssek et al., 2007; Paoletti & Manning, 2007). 
However, the ozone flux approach may be more difficult to measure in the field on a 
larger scale; therefore AOT40 is still used as a standard in risk assessment for European 
forest trees. Recently, Nunn et al. (2007) showed that also sap flow measurement could 
be used in calculating ozone flux into the canopy. 
 
1.2.2 Northern environment 
In Fennoscandia, where ambient ozone concentrations are relatively low (on a European 
scale), there is a risk of higher ozone damage to plants than would be indicated by the 
AOT40 values due to the generally lower temperatures and high humidity, which lead to 
an unconstrained gas exchange and hence ozone uptake (Matyssek et al., 2007; 
Tuovinen et al., 2007). Previous studies have revealed that even moderate levels of 
ozone can damage to wild field layer plant species (Timonen et al., 2004) and to forest 
trees (Emberson et al., 2007) in Northern Europe. Moreover, the nightly dark period in 
summertime is too short to allow the plants to recover from ozone stress via the repair 
processes driven by dark respiration (De Temmermann et al., 2002). 
 
1.2.3 Ozone uptake and action in the plant  
Tropospheric ozone is considered to be the most phytotoxic of the common air 
pollutants (Ashmore, 2005; Matyssek et al., 2007). Recent research has revealed that 
green leaf volatiles possess antioxidative qualities, quenching ozone concentrations to 
some extent, even before the ozone can gain access to the vegetation surface (Pinto et 
al., 2007). Once ozone has reached the surface of the plant, it can either react with 
cuticular components or diffuse through open stomata into the leaf. Ozone entry through 
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the plant cuticle is very minor (Kerstiens & Lendzian, 1989) and thus negligible. After 
leaf entry via the stomata into the leaf intercellular space, ozone rapidly reacts with 
components of the cell wall and membranes in the apoplast to form reactive oxygen 
species (ROS) including hydrogen peroxide (H2O2), hydroxyl (OH-) and superoxide 
(O2-) radicals, and singlet oxygen  (1O2). Since the leaf-internal ozone concentration is 
close to zero (Laisk et al., 1989), indirect mechanisms of ozone effects must be assumed 
to occur (Sandermann, 1998). The antioxidative capacity (mainly ascorbate) of the 
apoplast determines the amount of ROS produced. When the ozone flux into the leaves 
exceeds the antioxidant flux across the plasma membrane, an accumulation of ozone 
and/or its degradation products occurs (Heath, 2007). As a consequence, a self 
propagating ROS generation (oxidative burst) is induced, which may continue even 
after the initial ozone stress ended (Wieser & Matyssek, 2007). This oxidative burst 
triggers signal cascades resulting in the induction of defence mechanisms (Sandermann, 
1998). Trees respond to ozone stress mainly by two mechanisms, avoidance (stomatal 
closure) and defence (metabolic detoxification in the leaf) (Heath, 2007; Wieser & 
Matyssek, 2007). 
 
1.2.4 Effects of ozone on deciduous trees 
Since forest ecosystems cover up to 70% of the land surface in Nordic countries, ozone 
research on forest trees has become a major issue over the last decades. Deciduous trees 
have been found to be generally more ozone sensitive than conifers (Skärby et al., 1998; 
Wittig et al., 2007) thus needing more efforts to be protected from deleterious ozone 
effects. In particular, birch (Betula sp.) and aspen (Populus tremula) have been 
observed to be sensitive to ozone (King et al., 2005; Oksanen et al., 2007), although 
there is a large variation in resistance among the genotypes (Oksanen, 2003; Häikiö et 
al., 2007). In Fennoscandia, both tree species are common and ecologically as well as 
economically important. Acute ozone stress (for hours) can damage the plasmalemma 
so severe that it is impossible for the cell to maintain its ion balance and, as a 
consequence, cell death will follow, this being indicated by visible leaf injuries (Long & 
Naidu, 2002). Chronic ozone stress (for days) induces changes in the primary and 
secondary metabolism even though it evokes no visible symptoms. The early symptoms 
of chronic ozone exposure can be seen as an inhibition of photosynthesis associated 
with a decline in both ribulose-1,5-bisphosphate (Rubisco) and chlorophyll contents 
(Long & Naidu, 2002; Yamaji et al., 2003; Oksanen et al., 2007; Wittig et al., 2007). 
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As a consequence of the decreased photosynthetic activity, stomatal closure occurs and 
this can have a significant effect on the carbon fixation capacity of forest ecosystems 
(Sitch et al., 2007). Furthermore, numerous experiments with birch and aspen have 
indicated that ozone reduces growth, alters the shoot/root ratio, accelerates leaf 
senescence, causes shifts in carbon allocation towards defensive phenolic compounds, 
and reduces the number of over-wintering buds and delays bud burst. Over the longer 
term, ozone effects have been found to be cumulative, with the sensitivity of birch 
increasing as the tree ages (Oksanen, 2003). 
 
1.2.5 Ozone experiments 
The impacts of ozone on trees can be studied using growth chambers, open-top-
chambers (OTCs) or free-air exposure facilities (FACE systems). Experimental studies 
with open-top chambers started in the 1980´s (Heagle et al., 1973) and early types of 
free-air exposure systems were built in the beginning of the 1990´s (Greenwood et al., 
1982). Growth chambers allow well-controlled experiments with small-size seedlings, 
saplings, or transgenic plants and are most suitable for short-term detailed 
physiological, biochemical and molecular studies (Figure 1). OTC facilities allow one to 
conduct longer experiments with larger trees or plant mixtures (e.g. Vapaavuori et al., 
2002), but the exposed trees do not experience the actual rigors of natural site 
conditions (i.e. wind, intense sun light, UV-B radiation) within the chambers. The so 
called “chamber effects” include usually increased temperature and changes in the 
relative humidity of the air.  
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Figure 1. Schematic illustration of one out of four fumigation chambers in use in the Department 
of Environmental Science (University of Kuopio, Finland). 
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Figure 2. Free-air exposure facility in the botanical garden of the University of Kuopio (Finland); 
Photo by Timo Oksanen. 
 
Free-air exposure systems offer opportunities to examine the impacts of ozone on trees 
of differing ages and ontogenic stages, from young plants to mature trees under realistic 
environmental and microclimatic conditions (Karnosky et al., 2007; Figure 2). The 
combination of different ozone exposure methods provide biologically relevant 
information from molecular and cell level mechanisms to tree- and ecosystem-level 
responses. As a result, it is possible to gain a comprehensive understanding of the 
differences in ozone sensitivity between seedlings and mature trees, defence and repair 
processes under ozone stress, long-term growth trends, and ozone-caused reduction in 
carbon sink strength of forest trees.  
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1.3 Other stress factors 
 
1.3.1 Frost 
Plants native to temperate and sub-arctic regions, where low temperatures occur 
seasonally, have naturally adapted to survive temperatures below zero. These plants 
exhibit temporal variations in cold stress tolerance and undergo the process of cold 
acclimation every autumn. Cold acclimation involves the ability to suppress ice crystal 
formation in the symplast by maintaining the cellular water in the state of a deep 
supercooled fluid. Furthermore, plants can avoid frost-caused dehydration of the cells 
by an increased osmotic potential of the cytoplasm.  
 
Freezing conditions (temperatures below 0ºC) occurring at any time after release from 
winter dormancy strongly exacerbate oxidative stress in the photosynthetic tissues due 
to an imbalance of energy conversion and energy consumption (photoinhibition) (Huner 
et al., 1998). The carbon fixation is retarded by low temperatures, whereas the energy 
absorption and energy flow is less affected, resulting in enhanced ROS (mainly H2O2) 
production (Feierabend, 2005). Furthermore, low temperature imposes a drought stress 
by lowering the absorption of water by the roots and reducing water transport in the 
shoots (Smallwood & Bowles, 2002). The ability to tolerate freezing temperatures 
varies greatly among plant tissues. Vegetative cells can retain viability if cooled very 
quickly (through supercooling), thus avoiding the formation of large, slow-growing ice 
crystals. If these crystals form they can cause mechanical damage to subcellular 
structures, especially membranes. During the supercooling process, the cellular water 
remains liquid even at temperatures several degrees below its theoretical freezing point. 
It is possible that the growth of ice crystals can be limited by the presence of several 
specialized antifreeze proteins. In addition, the formation of cryoprotective sugars (such 
as sucrose, raffinose, fructans, sorbitol or mannitol) is induced during freezing, leading 
to stabilization of proteins and membranes during dehydration (Taiz & Zeiger, 2006). 
 
1.3.2 Fungal pathogens and herbivores 
Plants are constantly exposed to a variety of biotic stresses including the attack by 
fungal, viral, bacterial and protozoic pathogens, by herbivores (arthropods, nematodes 
and mammals) and by parasitic plants. One of the focuses of this thesis is on the 
interactions of fungal pathogens and of insect herbivores with ozone, therefore only 
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processes in connection with host inoculation by biotrophic fungi and host selection by 
chewing insect herbivores are discussed. 
 
After adhesion to the surface of the plant, fungal pathogens can either enter the host by 
direct penetration of the cell wall, pass through natural openings (stomata, hydathodes, 
nectarthodes and lenticels) or gain access through wounds. Fungi entering the host 
directly through the epidermis form a bulb-like structure called the appressorium, from 
which a penetration peg arises advancing through the cuticle and cell wall by 
mechanical force (Agrios, 2005). Some fungi produce cuticle and cell wall degrading 
enzymes (e.g. cutinases, pectinases, cellulases, ligninases) to inoculate and/or to 
colonize the plant tissue. Once inside the plant, fungal pathogens receive nutrition from 
the protoplast. Early events in the host-pathogen interactions are a change in structure 
and permeability of the cell membrane leading to a rapid and transient formation of 
ROS, mainly H2O2 (Agrios, 2005). 
 
Herbivorous insects display stereotyped behaviour when in search of a suitable host 
plant and react to a succession of stimuli in a fixed order (Schoonhoven et al., 2005). If 
the result of a sensory evaluation is the rejection of a plant or plant part, then the insect 
reverts to an earlier step in the reaction sequence. Previous experience may modify 
and/or shorten the decision-making, but the sequence remains identical. After 
perception of plant-derived cues (optical and/or olfactory), leaf chewing insects select 
their host plants on the basis of the leaf surface properties, leaf toughness, leaf age and 
foliar chemical profile (leaf quality) (Schoonhoven et al., 2005). Recent experiments 
with soybean (Glycine max) and the corn earworm (Helicoverpa zea) (Bi & Felton, 
1995) and with barrel clover (Medicago trunculata) and the climbing cutworm 
(Spodoptera littoralis) (Leitner et al., 2005) have indicated that herbivore-induced 
wounding results in ROS formation. Furthermore, Bown et al. (2002) revealed that even 
insect footsteps on the leaf surface of soybean and tobacco could induce the formation 
of ROS within seconds. 
 
1.4 Plant defence strategies against environmental stress 
During co-evolution with invading organisms, plants have developed a series of 
mechanisms in order to protect themselves against abiotic and biotic stress factors. 
Some defences are preformed (constitutive), whereas others are induced upon contact 
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with elicitors, being too costly for the plant to be maintained continuously (Rojo et al., 
2003). Constitutive defence mechanisms include physical barriers such as cell walls, 
cuticles, trichomes and thorns, as well as numerous secondary metabolites.  
 
However, many of the defence mechanisms are induced exclusively after the onset of 
attack. The cell membrane is an active site for the induction of defence mechanisms as it 
is the primary site of stress perception. Both abiotic (ozone, frost) and biotic (pathogens, 
herbivores) stresses impose oxidative stress on the plant, resulting in an accumulation of 
ROS, followed by an oxidative burst (Figure 3). Although ROS production unites the 
action of abiotic and biotic stresses, the site of the attack and the amount and the species 
of ROS produced varies according to which stress factor is involved. Under abiotic 
stress conditions, the quantity of ROS scavenging enzymes increases in order to 
decrease the concentration of intracellular ROS, whereas during pathogen defence, ROS 
(mainly H2O2) production is even amplified by the plant via enhanced activity of 
plasma-membrane associated oxidases in the apoplast (Apel & Hirt, 2004). At the same 
time, ROS scavenging capacities are downregulated, resulting in an accumulation of 
ROS and in the induction of programmed cell death (PCD). This process is believed to 
limit the spread of disease from the initial infection site. 
 
The oxidative burst triggers signal cascades which lead to an altered metabolic status. 
Three plant-specific hormones including salicylic acid, jasmonic acid and ethylene are 
mainly involved in communicating the presence of a stressor and in triggering further 
defence responses. It has been found that salicylic acid signalling is mainly involved in 
the response to infection by biotrophic fungi, whereas herbivory and wound signalling 
has been linked to jasmonic acid and ethylene (Rojo et al., 2003). Early studies 
demonstrated that ethylene signalling is closely coupled to the development of visible 
symptoms in ozone exposed plants (Sandermann, 1998). Further events in the defence 
response against oxidative stress in the apoplast and within the cell include the 
induction of secondary metabolites (e.g. phenolic compounds, alkaloids, terpenoids), 
cellular barriers (lignins, extensins and callose), pathogenesis-related proteins (PR 
proteins) and both enzymatic (e.g. superoxide dismutase, ascorbate peroxidase, 
glutathione reductase) and non-enzymatic antioxidants (e.g. ascorbate, glutathione, α-
tocopherol, volatile organic compounds) (Sandermann, 1998; Long & Naidu, 2002; 
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Loreto et al., 2004). Moreover, the dark respiration in stressed plants increases as a 
consequence of enhanced demands for repair processes (Wieser & Matyssek, 2007).  
 
1.5. ROS as important signalling molecules  
ROS are continuously produced in chloroplasts, mitochondria and peroxisomes as side 
products of the normal aerobial metabolism (Apel & Hirt, 2004). Furthermore, recent 
studies have indicated that ROS play an important role as second messengers in signal 
transduction cascades in several crucial processes such as mitosis, tropism and cell 
death making them essential in plant development as well as defence (Foyer & Noctor, 
2005). Therefore, Foyer and Noctor (2005) proposed the use of the expression 
“oxidative signalling” instead of “oxidative stress”. Under normal conditions, 
production and removal of ROS in the plant is strictly controlled. However, in the case 
of abiotic or biotic stress, the equilibrium between production and scavenging of ROS is 
perturbed and damage to the tissue occurs.  
 
1.6 Aims of the study 
 The purpose of this thesis was to study the combined action of realistically elevated 
ozone and other abiotic (frost) and biotic (pathogens and herbivores) stress factors, 
which are very likely to co-occur in the near future, on northern deciduous tree species 
under controlled chamber and realistic field conditions. We were particularly interested 
in determining (1) if ozone could exacerbate the formation of frost injuries in birch 
(Betula pendula), (2) how the joint action of ozone and frost could affect photosynthesis 
related processes in birch (Betula pendula), and if ozone enrichment could modify (3) 
pathogen (Venturia tremulae) infection or (4) the feeding behaviour of an insect 
herbivore (Phyllobius pyri) in aspen trees (Populus tremuloides x P. tremula and P. 
tremula). 
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Figure 3. Simplified illustration of possible stress factors affecting plant growth and 
development.Both abiotic and biotic stresses lead to the formation of reactive oxygen species 
(ROS) triggering signal cascades and evoking further defence responses.
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Summary
 
• Impacts of ozone and late frost on six birch (
 
Betula pendula
 
) genotypes from
south-eastern Finland were studied in an 8-wk chamber experiment.
• The plants were measured for bud burst, growth, visible foliar injuries caused by
ozone and frost, structural leaf properties and changes in chloroplasts.
• Ozone delayed bud burst but stimulated subsequent growth. Acute frost injuries
were compensated by increased leaf production. Early bud burst predisposed to frost
damage, whereas late bud burst increased the vulnerability to ozone. In combined
ozone + frost treatment, freezing reduced visible ozone injuries, counteracted
ozone-induced growth enhancement and stomatal changes, and exacerbated
ozone-caused reduction in palisade cell, chloroplast and starch grain size. Rapid
changes in epidermal cell differentiation towards stomata and/or glandular trichomes
occurred to enhance ozone/frost tolerance.
• The results showed large genetic variation within birch population in response to
frost and ozone. Generally, birch seem to recover from acute frost occurrence effi-
ciently through compensating leaf production, but co-occurring ozone enhance-
ment may disturb the recovery processes mechanistically through structural damage
in photosynthetic tissue, especially in chloroplasts.
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Introduction
 
Increasing concentrations of ‘greenhouse gases’ such as CO
 
2
 
and ozone, increasing global mean temperature through radiative
forcing, increased frequency of extreme weather events and
the depletion of stratospheric ozone leading to increases in
UV-B radiation are the four features of climate change
currently considered to be most important. Global atmo-
spheric ozone concentrations have risen 36% since preindustrial
times, and nearly 30% of global forests are currently exposed
to damaging tropospheric ozone concentrations (Fowler 
 
et al
 
.,
1999; IPCC, 2001). According to predictions by Fowler 
 
et al
 
.
(1999) the extent of temperate and subpolar forest regions
exposed to damaging ozone concentrations will expand from
5.3 
 
×
 
 10
 
6
 
 km
 
2
 
 (1990) to 11 
 
×
 
 10
 
6
 
 km
 
2
 
 by the year 2100.
Although prevailing ozone concentrations and the number
of ozone episodes in northern European countries are lower
than in central Europe, the results from controlled experi-
ments indicate that the concentrations are high enough to
impair growth of forest trees in field (Selldén 
 
et al
 
., 1997), and
that there is a likelihood of higher spring-time ozone episodes
in northern latitudes resulting from stratospheric ozone
incursions (Finlayson-Pitts & Pitts, 1997; IPCC, 2001). Further-
more, the plants in northern latitudes are often more suscep-
tible to ozone injuries than in southern Europe, because the
nights in summertime become too short to recover from ozone
injury through repair processes driven by dark respiration
(De Temmerman 
 
et al
 
., 2002), and because lower vapour
pressure deficit (VPD) conditions favour high ozone flux inside
the leaves (Karlsson 
 
et al
 
., submitted).
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Intensive monitoring of European forests (ICP Forests) has
revealed that exposure to environmental stress factors such as
deposition of nitrogen, acidity and heavy metals exceed criti-
cal loads over a large proportion of the monitoring plots
resulting in enhanced risks for tree root damage, storm dam-
age, crown damage by drought, frost and pests and changes in
the plant diversity of ground vegetation (Executive Report,
2002). Lengthened growing seasons with increasing temper-
ature variability including more frequent early spring frosts
are predicted to occur in northern Europe, together with
increased mean temperatures (IPCC, 2001). Timing of bud
burst and frost damage risk of newly unfolded leaves of 
 
Betula
 
spp. in response to climatic warming in Finland has been
examined with two models of phenological timing of boreal
trees (Linkosalo 
 
et al
 
., 2000). The first, referred to as the chilling-
triggered model, describes a chilling requirement during
dormancy that must be fulfilled before ontogenetic develop-
ment towards bud burst can occur, regardless of environ-
mental conditions (Linkosalo 
 
et al
 
., 2000). The second model,
referred to as the light-climate-triggered model, assumes that
regulatory mechanism connected to light conditions hinders
ontogenetic development until spring although the chilling
requirement is met (Linkosalo 
 
et al
 
., 2000). The chilling
triggered-model forecast a significant and increasing risk with
increasing warming, because ontogenetic development is
possible during warm spells at any time following dormancy
release. Such warm spells have been rather rare until today, but
it is likely that they would become more frequent if climatic
warming proceeds, causing bud burst to occur earlier than at
present, hence exposing the newly unfolded leaves to frost
damage (Hänninen, 1991, 1995). Seasonal changes in frost
hardiness are strongly dependent on changes in photoperiod
and temperature, but the underlying processes regulating frost
tolerance, as well as relationships between environmental
stress factors are still poorly understood (Leinonen 
 
et al
 
.,
1995; Greer 
 
et al
 
., 2000; Kratsch & Wise, 2000; Li 
 
et al
 
.,
2003). There are many factors such as light intensity, relative
humidity, air pollutants and inherent sensitivity of the plant
to low temperatures that interact and may either exacerbate or
protect against frost injury (Li 
 
et al
 
., 2003).
Many tree species exposed to high ozone concentrations
have shown decreased freezing tolerance (Skärby 
 
et al
 
., 1998).
In conifers, it has been confirmed that ozone exposure
increases the sensitivity of needles to photoinhibition and
winter desiccation (Mikkelsen & Ro-Poulsen, 1995). In sugar
maple, cold acclimation occurred earlier in ozone-treated
seedlings, indicated by higher carbohydrate concentration of
stem and earlier accumulation of (abscisic acid) ABA in the
xylem sap (Bertrand 
 
et al
 
., 1999). However, high ozone con-
centration also shifted the seasonal cycle of de-acclimation
in the following spring, leading to earlier swelling of buds
and greater susceptibility to spring-time frosts. It has been
demonstrated that ozone may accelerate budburst and
thereby spring frost damage also in conifers (Skärby 
 
et al
 
.,
1998). Detrimental influence of ozone on cold tolerance of
forest trees has been suggested to be related to changes in
membrane permeability, enzyme activity, antioxidants, photo-
synthetic carbon reduction and increased carbon demand
for dark respiration, leading to reduced availability of carbon-
based cryoprotectants, especially under chronic long-term
ozone experiments (Waite 
 
et al
 
., 1994; Bertrand 
 
et al
 
., 1999).
During freezing, cellular dehydration and destabilization of
membrane are the key processes leading to frost damage
(Pearce, 2001). Enzymatic reactions will be instantly slowed at
freezing temperatures as a result of decreased substrate diffu-
sion rates, and finally, transport processes across membranes
will be interrupted (Kratsch & Wise, 2000). First and most
severe freezing symptoms are found typically in chloroplasts,
and frost-induced thylakoid injuries appears to be related to
photo-oxidative conditions during illumination (Kratsch &
Wise, 2000). Many of the freezing-caused ultrastructural
injuries resemble those seen in programmed cell death (PCD)
(Kratsch & Wise, 2000).
So far, interactive effects of ozone and cold stress have not
been reported for birch, although in northern parts of Europe
very low winter temperatures, as well as autumn and spring-
time frosts are not rare. Furthermore, great susceptibility of
European white birch (
 
Betula pendula
 
 Roth) to elevated ozone
has been indicated in several recent studies (Pääkkönen 
 
et al
 
.,
1993, 1995a,b, 1996, 1998a,b; Oksanen & Saleem, 1999;
Oksanen & Holopainen, 2001). Because there is obviously an
increasing risk of concurrent exposure to increasing ozone
concentrations and late frost in forest trees, we conducted a
chamber experiment with both stress factors to simulate the
interactive effect of ozone and low temperature in a number
of birch genotypes at early growth stages in spring-time cli-
matic conditions. The major aim was to study whether or not
frost injuries are exacerbated by elevated ozone in birch. In
this paper, we relate acute visible and ultrastructural foliar
ozone and frost injuries with whole-plant growth responses,
and discuss the recovery from acute frost injury under elevated
ozone. Gas exchange and photosynthesis-related responses of
these plants will be reported elsewhere (Prozherina 
 
et al.
 
unpublished).
 
Materials and Methods
 
Plant material and growth conditions
 
We have selected a naturally regenerated birch forest (mixed
 
Betula pendula
 
 and 
 
Betula pubescens
 
) from Punkaharju, south-
eastern Finland (61
 
°
 
41
 
′
 
-N, 29
 
°
 
20
 
′
 
-E) for long-term studies
(Laitinen 
 
et al
 
., 2000). To study the genetic differences among
individual trees in several field and glasshouse experiments
we took a random sample of 30 trees from this forest. The
trees were micropropagated in 1997 for further field studies
at Finnish Forest Research Institute, Punkaharju Research
Station (61
 
°
 
41
 
′
 
-N, 29
 
°
 
20
 
′
 
-E). The material of this study is a
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sample of open pollinated progenies of six parent trees (six half-
sib families hereafter called genotypes); identification numbers
of parent trees were 8, 12, 17, 18, 21, and 22 (Laitinen 
 
et al
 
.,
2000, 2002). The parent trees were selected according to their
secondary chemistry profiles and resistance to hare browsing
(i.e. content of triterpenes and flavonoid aclygones). Two
genotypes are resistant to hare browsing (17 and 18) and
two susceptible (8 and 22) (Laitinen 
 
et al.
 
 unpublished). Two
additional genotypes (12 and 21) are quite different in their
phenolic compound profiles (Laitinen 
 
et al
 
., 2000).
Seeds from the parent trees were collected in late July 2000.
The seeds were sown in May 2001, in EK-28 containers (vol-
ume 0.28 L/seedling) filled with Kekkilä prefertilized nursery
peat and fertilized seven times ( July 7–August 15) using Kekkilä
Superex fertilization (NPK 12-5-27). In late autumn 40
winter-dormant plants of each genotype were selected ran-
domly from all plant material for this study, and were re-
planted in 1.3 l pots filled with Kekkilä peat. The saplings
were over-wintered in random order in field conditions at
Punkaharju Research Station, covered with snow and were
brought to the experiment chambers on 18 March 2002 at
dormant stage. The plants were randomly divided into four
treatments (10 plants/genotype/treatment): control (filtered
air), frost stress, elevated ozone, and combined ozone + frost
stress, and watered as needed with tap water and fertilized
three times (week 16, 17 and 18) with 0.2% Kekkilä 9-Superex,
NPK 19-5-20. The soil moisture was regularly controlled
using Theta probe Soil moisture sensor (type ML 2).
 
The chamber experiment system
 
The experiment was conducted using four independent
temperature, light and humidity controlled 2.6 m
 
3
 
 Bioklim
2600T chambers, with air change of 250 l/min. Light was
provided by eight lamps of the type Osram HQI-T and the
energy emission of the lamps was quite similar to daylight in
the visible range of the spectrum from 400 to 700 nm. All the
inner walls of the chambers are white special painted aluminium,
which scatters the light through multiple reflections. Ozone gas
was produced by Fischer OZ 500 ozone generator (Meckenheim,
Bonn, Germany), and ozone concentrations were continuously
measured from the outlet air stream and analysed by an ozone
analyser (Dasibi 1008-RS, Dasibi Environmental Corp.,
Glendale, CA, USA).
To simulate springtime conditions, the plants were grown
from start (20 March) until 23 April, 2002, in May tempera-
ture profile (ranging from + 5
 
°
 
C in night to + 12
 
°
 
C in day),
and thereafter in June temperature profile (ranging from
12
 
°
 
C in night to 19
 
°
 
C in day) until the end of the exposure
(10 May) (Fig. 1a). Both profiles were based on 40-year
weather data collected in Punkaharju Research Station. The
light/dark cycle was 20/4 h in the May program, and 22/2 h
in the June program with daylight illumination of 500 µmol
m
 
−
 
2
 
 s
 
−
 
1
 
, and relative air humidity was 60–75% (day) and 75–
90% (night) in the May program, and 72–84% (day) and 80–
90% (night) in the June program according to global radia-
tion and weather data by Finnish Meteorological Institute in
Jyväskylä, central Finland (62
 
°
 
14
 
′
 
-N, 25
 
°
 
20
 
′
 
-E). To avoid
any inequality in growth conditions caused by the chamber,
the position of the plants was changed twice a week within
and between the chambers throughout the study. There was
no shading among plants in fumigation chambers.
Control plants and frost-treated plants without elevated
ozone were grown under filtered air (ozone concentration was
close to zero) throughout the study, whereas ozone and ozone
+ frost treated plants were fumigated with ozone concentra-
tion of 65 ppb (10 hours/day/7d/week) over 8 wk, leading to
total ozone exposure AOT40 (accumulated over a threshold
of 40 ppb) of 10665 ppb-h (= 10.7 ppm-h) and 10602 ppb-h
(= 10.6 ppm-h), respectively, which was equal to current
critical ozone level for forest trees. We used ozone concentra-
tion of 65 ppb, because the field monitoring data by the Fin-
nish Meteorological Institute indicated that average daytime
concentration was 50 ppb for April–May over forested areas
of central Finland, and as predicted by Stevenson 
 
et al
 
.
(1998), Fowler 
 
et al
 
. (1999) and IPCC (2001) at least a 30%
increase in background concentrations is thought likely in
northern Europe over the next decades.
Frost treatment design was based on temperature records
made in Punkaharju between the years 1961–2001. Accord-
ing to this data, the likelihood to have a temperature of 
 
−
 
2
 
°
 
C
was 25% in May after the bud burst of birch (temperature
Fig. 1 Temperature profiles for (a) the May (closed triangles) and 
June (closed squares) programs, and (b) the frost treatment from 22 
April until 23 April.
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sum > 33 degree day (dd), according to 6-yr data from Fin-
nish Forest Research Institute, Punkaharju Research Station).
The minimum night-time temperatures occurred from 2
 
 
 
to 5
 
 
 
. Based on this data, the profile for frost treatment was
calculated as shown in Fig. 1(b). Under frost and ozone + frost
treatments, the plants were exposed to frost treatment profile
(temperature ranging from +5.7
 
°
 
C (day) to 
 
−
 
2.0
 
°
 
C (night))
over two consecutive days on 22 and 23 April, while the con-
trol and ozone plants were growing under the May program.
 
Growth measurements
 
The plants were measured for their initial height on 20 March
2002, before the start of exposure. Bud burst (open buds in
relation to total number of buds) was recorded on 26 March,
28 March and on 3 April, when the majority of buds were
already opened. At the final harvest on 10 May, five plants per
genotype per treatment were measured for height increment
and number of leaves, separating injured and intact leaves. For
dry mass determination, wood, leaves shoot (wood + leaves)
and roots were dried separately at 65
 
°
 
C in an oven for 5 d.
The initial dry masses for each plant part were measured for
additional five plants per genotype at the beginning of the
experiment. The mean projected leaf area was measured for
one fully enlarged leaf per plant from five plants per genotype
and treatment (120 leaves in total) by scanning and
calculating the area using a Logitech Photo Touch Colour
program (Logitech Inc., Morges, Switzerland).
 
Visible foliar ozone and frost injuries
 
Early visible ozone injuries were determined on 23 April, after
the first night of frost treatment. Ozone induced injuries were
small light-green, yellowish or brown dots and incipient leaf
chlorosis as described previously (Pääkkönen 
 
et al
 
., 1995b).
The second ozone injury assessment was performed at the
final harvest on 10 May. During assessments, the number of
leaves showing ozone injuries was counted for each plant in
relation to the total number of leaves.
Visible foliar frost injuries were determined on 24 April for
each frost-treated plant. Frost injuries appeared as wilting of
leaves (resembling drought stress) and dehydration of leaf
margins, followed by inward folding.
 
Electron microscopy (TEM and ESEM) and light 
microscopy
 
For electron and light microscopical analyses, leaves were
collected immediately after the frost treatment on 24 April (at
10.00
 
 
 
−
 
13.00
 
 
 
) from fully enlarged first flush leaves (fifth
leaf from the top) from three plants per genotype per treatment.
Sample strips were cut between the second and third leaf vein,
followed by cutting into 1.5 mm
 
2
 
 square pieces under a drop
of fixative solution with a razor blade. The samples were placed
immediately in a 2.5% (v/v) glutaraldehyde fixative solution
(in 0.1 
 

 
 phosphate buffer, pH 7.0), postfixed in 1% buffered
OsO
 
4
 
 solution, dehydrated with an ethanol series followed by
a propylene-oxide treatment, and embedded in LX 122 Epon
(Ladd Research Industries, Inc., Burlington, USA). The thin
sections for electron microscopy were stained with lead citrate
and uranyl acetate, and were studied with an electron microscope
JEOL 1200 EX (JEOL LTD., Tokyo, Japan) operating at
80 kV. The sections for light microscopy were stained with
aqueous Toluidine blue, and studied with a Nikon MicroPhot-
FXA microscope (Nikon Corporation, Tokyo, Japan).
Transmission electron microscope (TEM) samples were photo-
graphed with Bioscan camera (Gatan Inc., Pleasanton, CA, USA)
(connected to electron microscope) using a Digital Micrograph
program (Gatan Inc., Pleasanton, CA, USA) for further image
analyses with Adobe Photoshop (Version 5.0) (Adobe Systems
Incorporated, USA). Ultrastructural studies were focused on
the chloroplast structure of mesophyll cells, because the chlo-
roplasts are known to be the first and most severely impacted
organelle during frost injury (Kratsch & Wise, 2000). The
samples were analysed (separately for palisade and spongy
cells) for section area of chloroplast and starch grain, number
of plastoglobuli, and thylakoid membrane injuries such as
dilation (swelling) of thylakoid interspaces and distortion
(undulated shape) of thylakoids leading to unstacking of
grana. 30 chloroplasts per genotype per treatment were stud-
ied (720 chloroplasts in total). The light microscopy samples
were measured for total leaf thickness, spongy and palisade
layer thickness, palisade cell length, and proportion of intercel-
lular space (% of mesophyll cross-sectional area) from digital
micrographs using Adobe Photoshop (Version 5.0) program.
The rest of the leaves collected for TEM analysis were used
for surface structure studies with scanning electron microscopy
(ESEM) (from three plants per genotype per treatment). The
air-dried samples were coated with 34 nm of gold, using sput-
tering equipment (Polaron E 5100, Polaron Equipment Ltd.,
Watford, UK) and studied with a scanning electron micro-
scope Philips XL 30 (FEI Company, Brno, Czech Republic).
The leaf samples were measured for glandular trichome and
stomatal density, length of guard cells, and width of stomatal
apparatus (from 60 stomata per genotype per treatment, 1440
stomata in total) using a standard digital image analysis
systems. To study the relationship between co-occurring changes
in stomatal/glandular trichome density and average leaf size,
the stomatal and trichome indexes were calculated as follows:
stomatal or trichome density mm
 
−
 
2
 
 per average leaf area cm
 
2
 
.
 
Statistics
 
Multivariate 
 

 
 (SPSS-Win 9.0, GLM procedure) with
ozone, frost and genotype as fixed factors was used to test
differences in growth and structural parameters, and interactions
between them. In addition to ozone 
 
×
 
 frost, ozone 
 
×
 
 genotype,
and frost–genotype interactions, 3-way interactions between
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ozone, frost and genotype were derived. Comparisons between
the different treatments were carried out using Tukey’s mul-
tiple range tests. The data were checked for normality and
homogeneity of variances, and when necessary, the values were
transformed to satisfy the assumptions of . In growth
analyses, the initial values of height and dry masses were used
as covariates. Significance was accepted at the P < 0.05 level.
Results
Bud burst
There were great differences in the timing of bud burst among
the genotypes (Fig. 2). Almost all the buds in genotype 18
were still under dormancy 8 d after the beginning of the
experiment (on 26 March), whereas 34% of the buds were
already opened in genotype 8 in control plants. The differ-
ences among the genotypes remained as before 10 d after the
beginning of the experiment (on 28 March). The differ-
ences among the genotypes were less evident and the propor-
tion of open buds ranged between 76% (genotype 18) and
92% (genotype 21) 17 d after the start of the experiment
(on 3 April). On the basis of bud burst, the genotypes were
denoted as early starting (genotype 8), late starting (genotype
18), or intermediate (12, 17, 21 and 22) genotypes. Ozone
caused a significant delay in bud burst as compared with
control plants in genotypes 8 and 12 (Fig. 2, P = 0.045 on 26
March; P = 0.004 on 28 March for pooled data).
Visible foliar ozone and frost injuries
The first ozone injury symptoms were found in the fully
expanded first flush leaves, whereas later, injuries appeared
also in the younger enlarging leaves. The first dots were found
in leaf margins before the injuries were spread over the whole
leaf area. According to early leaf injuries on 23 April,
genotypes 8, 12 and 17 were the most sensitive to ozone. At
the final harvest on 10 May, visible ozone injuries we found
in all genotypes for ozone and ozone + frost treated plants
(Fig. 3). In addition to dark spots and flecks on the upper leaf
surface, chlorosis was a typical extended injury. The highest
amount of ozone injured leaves (50% of all leaves) was now
found in genotype 18, and the frost treatment reduced ozone
injuries by 19–41% (significantly in genotype 18 and pooled
data), except in genotype 22 (Fig. 3).
The first visible foliar symptoms of frost treatment (wilting,
incipient drying of leaf margins) emerged on 23 April, after
the first night of frost temperatures. Considerable differences
in frost injury between the genotypes were found in assess-
ment on 24 April. The highest amount of injuries appeared in
genotypes 8, 12 and 22 (60–70% of plants showing injuries),
Fig. 2 Bud break as percentage of open buds in relation to all buds 
on 26 March, 28 March and 3 April, 2002, in six Betula pendula 
genotypes. Values are means ± SD (n = 10). Bars: open, control 
plants; closed, ozone plants. Multivariate ANOVA, P < 0.05; 
* = significant at 5% level.
Fig. 3 Percentage of ozone-injured leaves of total number of leaves 
in ozone and ozone + frost treated plants of six Betula pendula 
genotypes. Values are means ± SD (n = 10). Bars: closed, ozone 
plants; dotted, ozone + frost plants. Multivariate ANOVA, P < 0.05, 
* = significant at 5% level.
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whilst genotypes 18 and 21 were less affected by frost treat-
ment (< 10% of plants showing injuries). The relationship
between the timing of bud burst and the appearance of frost
injuries was evident; the early starting genotype 8 showed a great
amount of injuries, whereas the late starting genotype 18 was
practically unaffected. In the combined stress treatment, ozone
did not affect the amount of frost injuries in genotypes 8, 12,
17 and 18, whilst a synergistic effect was found in genotype
21 and an antagonistic effect in genotype 22 (data not shown).
Growth parameters
The main effects of ozone, frost and genotype on growth and
interactions among them are shown in Table 1. When all
genotypes were pooled, the main effect of ozone was found as
a significantly increased wood and root dry mass (Table 1;
Fig. 4). Ozone fumigation increased the total dry mass by 4–
18%, except in genotype 22, where a 5% decrease was found.
There were no significant main effects of frost on growth as a
result of highly variable responses among the genotypes
(Table 1; Fig. 4). However, the dry mass of leaves increased by
9%, 25%, 13%, 4% and 4% in genotypes 8, 12, 17, 18 and
22, respectively (significantly in genotype 12), whereas a 20%
decrease was found in genotype 21. Although the leaf area was
not significantly affected by ozone or frost, there were
significant main effects of genotype in leaf area, number of
leaves and leaf dry mass (Table 1). A significant ozone × frost
and frost–genotype interaction was found in dry mass of
leaves, indicating that responses in leaf growth differed
between stress factors and genotype (Table 1; Fig. 4). Height
increment was not significantly affected by ozone or frost
(data not shown). When the total dry mass accumulation of
control plants during the exposure was compared, the
genotypes could be ranked according to growth rate as
follows: 22 (15.9 mg) > 21 (13.9 mg) > 8 (13.7 mg) > 18
(13.5 mg) > 17 (13.0 mg) > 12 (12.4 mg).
Leaf structure
The main effects of ozone, frost and genotype on leaf and
chloroplast structure, and interactions among them are shown
in Table 2. In the mesophyll structure, the main effect of
ozone was found as significantly thinner leaves, lower palisade
and spongy layer thickness, smaller proportions of intercellular
space, and shorter palisade cell lengths (Tables 2 and 3). The
significant main effects of frost appeared as smaller propor-
tions of intercellular space, thinner palisade layers, and shorter
palisade cell lengths leading to increased spongy to palisade
layer ratio (Tables 2 and 3). One of the most frost sensitive,
genotype 12 (according to visible injuries), was characterized
by the smallest proportion of intercellular space, while the
most frost tolerant and ozone sensitive genotype 18 had the
largest proportion of intercellular space. The main effect of
genotype was significant in palisade and spongy layer thick-
ness and palisade cell length (Table 2). Significant antagonis-
tic ozone–frost interaction was found in spongy/palisade
layer ratio and palisade layer thickness (Table 2). Significant
frost × genotype and ozone × frost–genotype interactions
appeared in spongy/palisade layer ratio and spongy layer
thickness, indicating that structural responses to these stress
factors were genotype-dependent (Table 2).
Table 1 Statistical significances (P-values) of main effects of ozone, frost and genotypes and their 2- and 3-way interactions in leaf growth 
parameters and dry masses of wood, shoot, root and total plant of six Betula pendula genotypes
 
 
Parameter O3 Frost Genotype O3 × frost
O3 ×
genotype
Frost ×
genotype
O3 × frost ×
genotype
Leaf area 0.405 0.419 0.001 0.634 0.562 0.234 0.251
Number of leaves 0.067 0.825 0.012 0.188 0.186 0.260 0.690
Leaf dry mass 0.685 0.079 0.026 0.001 0.175 0.022 0.107
Wood dry mass 0.012 0.600 0.211 0.876 0.242 0.510 0.237
Shoot dry mass 0.868 0.712 0.180 0.433 0.827 0.541 0.413
Root dry mass 0.049 0.260 0.354 0.158 0.181 0.154 0.134
Total dry mass 0.376 0.401 0.693 0.191 0.405 0.186 0.383
Multivariate ANOVA (n = 10).
Fig. 4 Impacts of ozone and frost on dry mass of leaves, wood, roots 
and total plant in six Betula pendula genotypes (pooled data). Values 
are means ± SD (n = 5). Multivariate ANOVA, Tukey’s multiple range 
test, P < 0.05. Significant differences between the treatments are 
indicated by different letters above the bars. Bars: open, control 
plants; /–hatched, frost plants; closed, ozone plants; dotted, 
ozone + frost plants.
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Chloroplast structure
The significant main effects of ozone and frost on chloroplast
structure were found as smaller sizes of chloroplast and starch
grain (Tables 2 and 3). In the whole mesophyll (palisade and
spongy layer pooled) the size of the chloroplast was 37–41%
smaller in ozone and frost treated plants (respectively) than in
control plants (Table 3), which was linked with 72–89%
reductions in starch grain size and similar decreases in pro-
portion of starch grain in relation to total chloroplast cross-
sectional area. Significant main effects of the genotype was
also found in chloroplast and starch grain size. Frost treatment
exacerbated ozone-caused reduction in chloroplast and starch
grain size, as indicated by significant ozone–frost interaction
(Tables 2 and 3). Reductions in chloroplast and starch grain size
were genotype-specific, because significant ozone × genotype,
frost × genotype, and ozone × frost–genotype interactions were
found in both tissues (Tables 2 and 3).
Significant difference (P < 0.004) in ultrastructural responses
between palisade and spongy mesophyll cells to each treat-
ment was found, because the changes in chloroplasts were
generally more pronounced in spongy parenchyma. However,
the changes were basically similar. Ozone induced chlorop-
last injuries were similar, such as dilation and distortion of
Table 2 Statistical significances (P-values) of main effects of ozone, frost and genotypes and their 2–3-way interactions on leaf and chloroplast 
structure of six Betula pendula genotypes
 
 
Parameter O3 Frost
Geno-
type
O3  ×
frost
O3  ×
genotype
Frost ×
genotype
O3  × frost ×
genotype
Leaf thickness 0.001 0.546 0.175 0.535 0.866 0.294 0.499
Proportion of intercellular space 0.002 0.001 0.758 0.238 0.672 0.075 0.329
Spongy/palisade parenchyma ratio 0.054 0.003 0.894 0.010 0.092 0.002 0.015
Palisade parenchyma: < 0.001 < 0.001 < 0.001 < 0.001 0.222 0.897 0.584
Layer thickness < 0.001 < 0.001 < 0.001 < 0.001 0.222 0.897 0.584
Cell length 0.001 < 0.001 0.034 < 0.001 0.125 0.191 0.198
Chloroplast size < 0.001 < 0.001 0.019 < 0.001 < 0.001 < 0.001 < 0.001
Starch grain size < 0.001 < 0.001 < 0.001 < 0.001 0.014 < 0.001 < 0.001
Spongy parenchyma: < 0.001 0.815 < 0.001 0.847 0.094 < 0.001 < 0.001
Layer thickness < 0.001 0.815 < 0.001 0.847 0.094 < 0.001 < 0.001
Chloroplast size < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.114
Starch grain size < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Guard cell length < 0.001 0.625 < 0.001 < 0.001 0.373 0.054 0.191
Guard cell width < 0.001 < 0.001 0.003 0.049 0.012 0.004 0.474
Stomatal index 0.024 0.805 < 0.001 0.162 0.836 0.031 0.056
Trichome index 0.983 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.001
For statistics, see Table 1.
Table 3 Significant effects of frost and ozone treatment on leaf structural and ultrastructural parameters of six Betula pendula genotypes 
(pooled data). Multivariate ANOVA followed by Tukey’s multiple range test
 
 
Parameter Control Frost Ozone Ozone + frost
Leaf thickness (µm) 143.5 ± 7.5a 139.4 ± 2.4ab 130.0 ± 4.0b 130.1 ± 2.7b
Proportion of intercellular space, 
% of mesophyll area
41.7 ± 2.1a 32.3 ± 2.1a 33.8 ± 1.3a 28.6 ± 1.7a
Spongy/palisade parenchyma 
Palisade parenchyma:
1.7 ± 0.04a 2.0 ± 0.1b 1.7 ± 0.1a 1.8 ± 0.04a
Layer thickness (µm) 42.7 ± 0.6a 37.6 ± 0.6b 38.1 ± 0.7b 38.2 ± 0.6b
Cell length (µm) 27.9 ± 0.4a 24.5 ± 0.4b 23.8 ± 0.3b 23.6 ± 0.4b
Size of chloroplast (µm2) 6.48 ± 0.17a 3.53 ± 0.10b 3.93 ± 0.10bc 4.00 ± 0.11c
Size of starch grain (µm2) 1.50 ± 0.09a 0.11 ± 0.02c 0.39 ± 0.07b 0.11 ± 0.03c
Spongy parenchyma: 
Layer thickness (µm) 72.0 ± 1.9a 72.1 ± 1.6a 65.1 ± 1.7b 66.0 ± 1.2b
Size of chloroplast (µm2) 6.91 ± 0.18a 4.41 ± 0.12bc 4.48 ± 0.12b 3.94 ± 0.10c
Size of starch grain (µm2) 1.67 ± 0.10a 0.25 ± 0.03b 0.51 ± 0.06c 0.11 ± 0.02b
Stomatal index 6.55 ± 0.36a 6.99 ± 0.45a 7.97 ± 0.65a 7.33 ± 0.36a
Trichome index 0.37 ± 0.02a 0.47 ± 0.02b 0.43 ± 0.03ab 0.41 ± 0.01ab
Values are means ± SD (n = 3). Means followed by different letters are significantly different, P < 0.05.
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thylakoids, and smaller starch grains (Fig. 5b), as previously
reported for birch by Pääkkönen et al. (1995a,b). Frost treat-
ment caused shrinkage of chloroplasts (as a result of dehydra-
tion) leading to disintegration of chloroplast envelopes,
disappearance of starch granules, peripheral reticulum (vesi-
cles arising from inner membrane of chloroplast envelope)
and destabilization of thylakoid membranes (Fig. 5c). In
ozone + frost treated plants, both ozone and frost-induced
injuries were found within the same chloroplasts (Fig. 5d).
There were no significant changes in number of plastoglobuli
in any treatments (data not shown), and no structural chloro-
plast injures were found in any control plants.
Responses of stomatal complex and glandular 
trichomes
The significant main effects of ozone were found as reduced
length of guard cells and width of the stomatal apparatus
(indicating reduced turgor and stomatal closure) and as a
higher stomatal index (Tables 2 and 3; Fig. 6). The greatest
ozone-induced decrease in guard cell lengths was found in
ozone-sensitive genotype 18 (13%, P = 0.001, Fig. 6a). The
significant main effects of frost appeared as reduced width of
guard cells and increased density of glandular trichomes
(Tables 2 and 3; Fig. 6b). The significant main effects of the
genotype were found in guard cell lengths and widths, and
stomatal and trichome indexes (Table 2). Significant anta-
gonistic ozone–frost interactions were found in guard cell
length and width and trichome index, indicating that ozone
counteracted the frost-induced increase in trichome density
in combined treatment. Significant ozone–genotype inter-
actions appeared in guard cell width and trichome index,
while significant frost–genotype interaction was observed
also in stomatal index (Table 2). A significant ozone × frost–
genotype interaction appeared in trichome index (Table 2).
These interactions revealed that frost and ozone induced
responses in stomata and trichomes were strongly regulated
by genotype.
Fig. 6 Ozone- and frost induced changes in 
length and width of stomata in six Betula 
pendula genotypes and pooled data. Values 
are means ± SD (n = 3). Multivariate ANOVA, 
Tukey’s multiple range test, P < 0.05. 
Significant differences between the 
treatments are indicated by different letters 
above the bars. Bars: open, control plants; 
hatched, frost plants; closed, ozone plants, 
dotted, ozone + frost plants.
Fig. 5 Ozone and frost caused changes in ultrastructure of chloroplasts in birch (Betula pendula) mesophyll cells. Bar, 1 µm. 
(a) Chloroplast of control plant showing large starch grains and intact thylakoid membranes; (b) ozone-caused dilation (black arrow) and 
distortion (white arrow) of thylakoid membranes, accompanied by smaller starch grain; (c) frost-caused shrinkage of chloroplast, disintegration 
of chloroplast envelope, destabilization of thylakoid membranes (white arrow), and lack of starch; (d) ozone and frost-caused dilation (black 
arrow) and destabilization (white arrow) of thylakoid membranes, and formation of peripheral reticulum (PR).
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Discussion
Frost and ozone exposure
Freezing of plants and plant parts occur when they cannot
avoid nucleation (water molecules come together to form a
stable ice nucleus) and are not able to prevent the expansion
of ice (Pearce, 2001). Normally, over-wintering temperate
woody species freeze between −1.2 and −2.1°C in field
conditions (Ashworth & Davis, 1986; Yamada et al., 2002).
Therefore, freezing temperatures (minimum −2.0°C) causing
potential cell damage were obviously reached in our experiment.
Because lower nucleation temperatures have been observed in
laboratory tests than in natural conditions in several species, the
chamber experiment results may underestimate the severity of
frost damage in the field (Ashworth et al., 1985; Flinn &
Ashworth, 1994). Together with freezing temperatures, we
were able to expose the plants to a critical ozone level,
exceeding AOT40 of 10 ppb-h, which is expected to cause
biomass reductions in forest trees. Although the critical ozone
exposure is generally accumulated over a 6 month period, 80–
90% of cumulative exposure index AOT40 is accumulated
during April and May in northern latitudes, concomitantly
with growth initiation, as reported by Laurila & Tuovinen
(1996) based on Finnish observations.
Ozone exposure delays bud burst but stimulates 
growth
Our results indicate that there is a large variation in bud burst
within a population of birches as suggested also by Rousi
(unpublished) using the same birch genotypes. This high varia-
bility among birch genotypes was also in accordance with
previous studies by Häkkinen (1999) and Linkosalo et al. (2000)
with other Finnish birch origins. It was evident that early
starting genotypes were more susceptible to acute frost injury
as compared to late starting genotypes. In the earliest genotype
(genotype 8) visible foliar frost injuries were accompanied by
9% reduction in total dry mass, whereas the latest genotype
(genotype 18) was resistant against acute frost injury and
showed an 8% increase in total dry mass under frost stress. On
the other hand, in intermediate genotype 12 with extensive
foliar frost injuries, photosynthetic area loss was efficiently
compensated by enhanced leaf growth after the frost stress
resulting in 33% increased total dry mass. The results from
microscopical assessment suggested, that in the frost sensitive
genotypes (genotype 12) small proportions of intercellular
space in the mesophyll tissue may be predisposed to freezing
injury probably as a result of more extensive extracellular ice
formation and cellular dehydration than to genotypes (genotype
18) characterized by large proportions of intercellular space.
Thereby, this experiment revealed that both bud burst timing
and leaf anatomical properties are important factors affecting
the vulnerability to frost and ozone stress in birch.
Earlier, Bertrand et al. (1999) found that previous season
ozone exposure of 2-yr-old-sugar maple seedlings resulted in
5 d premature bud swelling in the following spring. However,
our experiment revealed that springtime ozone exposure
caused a delay in bud burst of birch, which has not been
reported elsewhere. Delayed bud burst may reduce the risk of
frost injury, but on the other hand, it could lead to yield
reductions in the long term, therefore representing a critical
ecological and evolutionary tradeoff between survival and
growth. The mechanism for ozone-caused delay needs further
investigations, and the role of changed hormonal balance,
particularly alterations in ABA, should be necessarily exam-
ined (Li et al., 2003).
An increased dry mass production under ozone exposure
was found for most genotypes, which is in accordance with
our previous short-term and low-ozone experiments with
birch (Oksanen & Saleem, 1999; Oksanen & Rousi, 2001;
Oksanen & Holopainen, 2001), and with studies on Populus
species (Brendley & Pell, 1998; Bielenberg et al., 2001) and
oak (Quercus rubra) (Samuelson et al., 1996). In hybrid pop-
lar, compensatory responses of young leaves to ozone exposure
were related to decline in N availability, and accelerated leaf
senescence (Bielenberg et al., 2001), or ozone-induced reduc-
tions in leaf-level photosynthesis, pigments and Rubisco, as
reported by Brendley & Pell (1998). Compensatory growth as
a result of ozone may indicate a shift in carbon allocation,
which has been discussed by Laurence et al. (1994). In this
experiment, stimulatory growth was also observed in some
genotypes under frost and ozone + frost treatment. Because
significant main effects of genotype were found in the leaf
area, number of leaves and leaf dry mass, different growth
responses among the genotypes occurred mainly through leaf
growth.
Frost protects against visible ozone injury
In most genotypes, simultaneous ozone exposure did not
protect the plants against acute visible frost injuries, which is
in accordance with Waite et al. (1994), who reported that cold
tolerance was not affected by elevated ozone concentrations
during spring in red spruce seedlings. However, because there
were three times more frost injuries after the interactive ozone
and frost treatment in genotype 21 (synergistic effect) than
single frost stress, some genotypes may be particularly
sensitive to joint action. Furthermore, some evidence of
improved frost tolerance as a result of ozone was found in
genotype 22, suggesting that within a birch population, there
is a wide range of interactions between ozone and frost stress
among genotypes. There is evidence that freeze-induced
production of reactive oxygen species (ROS) contributes to
membrane damage and enhancement of antioxidative
mechanisms plays a major role in frost defence (McKersie &
Bowley, 1997). Brüggemann et al. (1999) suggested that
improved frost tolerance in Lycopersikon was not a direct
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consequence of a better detoxification system by ROS, but
rather a result of a more efficient photochemistry at suboptimal
temperatures and higher Calvin-cycle turnover rates, leading
to reduced ROS production. On the other hand, Aroca et al.
(2001) proposed a better co-ordination of the antioxidative
enzymes (like superoxide dismutase, ascorbate peroxidase and
glutathione reductase) with each other and a faster recovery of
the photosynthetic activity in maize to be responsible for a
better acclimation to low temperatures.
The visible injury assessment at the final harvest clearly
indicated that frost treatment generally protected the leaves
from ozone injury. Because it is well known that both ozone
and chilling stress cause an increase of ROS formation inside
the leaf leading to oxidative stress (e.g. Noctor & Foyer,
1998), exposure to frost may have activated defence mecha-
nisms that also protect against simultaneous ozone fumigation,
as discussed above. Alternatively, exposure to frost resulted
in dehydration of leaves and closure of stomata leading to
reduced stomatal conductance and hence lower ozone uptake
(Prozherina, unpublished).
Contradictory results of foliar ozone injuries between the
two assessments were probably caused by differences in tim-
ing of bud burst and hence the developmental stage of leaves
between the genotypes. Previously, we have demonstrated
that newly expanded leaves of birch are more sensitive to
ozone than developing ones (Pääkkönen et al., 1995b), which
explains the lack on injuries in the late starting genotype 18
with premature leaves in the first assessment. The results from
the injury assessment at harvest suggest that the late starting
genotype 18 was the most sensitive to ozone, and the early
starting genotype 8 was the most tolerant genotype to ozone.
This is also in accordance with the recent finding with birch
(Oksanen & Rousi, 2001), where differences of Betula origins
in ozone sensitivity were investigated. However, in this experi-
ment there were no clear correlations between foliar ozone
injuries and biomass responses, probably as a result of short-
term duration of exposure and compensation reactions
through increased leaf production under ozone. According to
biomass data, the most fast-growing genotype 22 showed the
greatest sensitivity to ozone, which was accompanied by the
highest amount of visible foliar frost injury. Because in earlier
tests this genotype proved to be vulnerable to hare browsing
as well (Laitinen et al. unpublished), we suggest that high
growth rate may increase the risk for abiotic and biotic stress
factors.
Acute frost injury in chloroplasts
Previously, formation of vesicles of the peripheral reticulum
has been found in chloroplasts of chilling-treated cotton
(Gossypium hirsutum) and bean (Phaseolus vulgaris), which
also showed dilation and distortion of thylakoids (Kratsch &
Wise, 2000). In addition, lack of starch or reduction of starch
granules was reported in chilling-treated collard (Brassica
oleracea) and cucumber (Cucumis sativus) (Kratsch & Wise,
2000). Thereby, acute freezing injuries in chloroplasts of birch
resemble those reported for several crop species. However, we
were not able to find any chloroplast swelling, which has been
a universal symptom in crop plants (Kratsch & Wise, 2000),
but rather, chloroplast shrinkage, partly caused by reduced size
of starch grain. Although it is well documented that irradiance
during chilling/frost greatly exacerbates the chloroplast injury
caused by ROS formation (Kratsch & Wise, 2000), our
experiment demonstrated that light is not a prerequisite for
structural damage, because the freezing temperatures co-
occurred with the 4-h dark period. It is not possible to say
whether the observed chloroplast injuries were strictly the
result of a direct effect of freezing temperature, or caused
indirectly by programmed cell death mechanisms that are
triggered by frost. The initiation and propagation of PCD
during low temperature stress has been proposed to proceed
from ROS formation in the chloroplast to increased free Ca2+,
changes in protein phosphorylation and cascade of proteolytic
enzymes finally leading to digestion of chloroplasts and other
organelles. Despite extensive chloroplast-level injuries and
local leaf dehydration damage in our study, recovery from
frost treatment was evident in some genotypes (namely 12
and 17), but not in others, suggesting, again, a variable
inherent frost sensitivity of birch.
Both ozone and frost stress affect the differentiation of 
epidermal cells
This experiment indicated that both ozone and frost stress
may affect the performance of stomatal complex, that frost
treatment tended to counteract ozone-triggered changes in
stomata, and that there was a large variation among the
genotypes in the way of response. Ozone caused increase in
stomatal density is a well known acclimation mechanism for
birch to reduce ozone load per single stoma resulting in more
even ozone distribution within leaf tissue and a better
detoxification processes (Pääkkönen et al., 1993, 1995b).
Because the precisely regulated patterning of stomatal
complexes is a way to achieve the optimal stomatal density in
regard to gas exchange and transpiration, we believe that
ozone-caused decline in photosynthesis may be compensated
through increased stomatal density in young birch leaves. It
is known that the series of cell divisions which differentiate
the guard cells and the stomatal subsidiary cells occurs late
in epidermal development, during cell expansion of the
pavement cells (unspecialized epidermal cells) (Glover, 2000).
Therefore, ozone-caused change in stomatal density is likely
to occur during the springtime leaf expansion. It is well
known that the differentiation of plant epidermal cells is a
complex process, where signalling between differentiating
cells is important (Glover, 2000). The precisely regulated
pattern of stomatal complexes generated form precursor cells
and guard mother cells is achieved through a cell lineage
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mechanism (ordered system of cell divisions), but there is also
a large body of evidence that the prepattern of stomatal guard
cells is modified by interactions between developing stomatal
complexes, interactions between stomata and other epidermal
cells (such as trichomes) and by environmental inputs (Glover,
2000).
The frost induced a rapid increase in glandular trichome
density and this may indicate a structural acclimation to low
temperatures through altered change in regulation of epider-
mal cell development. As found for resin glands of birch
shoot, the glandular trichomes in developing leaves serve as a
glue and moisture eliminator to keep water droplets off the
leaf surface and the stomata, which helps to protect the leaves
from freezing and to maintain leaf gas exchange (Lapinjoki
et al., 1991; Gutschik, 1999). In addition, the resin (triterpenoids
in particular) may also serve to deter birds and insects early
in the spring, when food availability is limited (Lapinjoki
et al., 1991). As far as we know, ozone-induced increase in
glandular trichomes has not been reported elsewhere before.
High developmental plasticity in birch leaves in regard to
trichomes has been previously demonstrated by Rautio et al.
(2002), reporting that previous-year defoliation induced a
shift from glandular to nonglandular leaf trichomes. In our
experiment, competitive interactions between stomatal com-
plexes and trichomes were not found, although this has been
demonstrated in other studies (Glover, 2000). Unlike sto-
matal guard cells, the regulation of trichome development in
Arabidopsis requires a balance of cell proliferation, differenti-
ation, intercellular communication and morphogenesis con-
trol, and is therefore integrated with leaf development,
hormone levels and vegetative developmental stage (Glover,
2000; Szymanski et al., 2000). According to Arabidopsis stud-
ies, the developmental window during which cells have the
potential to acquire trichome cell fate is limited; cells beyond
a certain developmental stage lose their ability to respond to
trichome differentiation signals (Szymanski et al., 2000). Our
results indicate that in birch leaves, frost-induced glandular
trichome inititation (exceeding a threshold of trichome-
promoting activity) may occur in fully enlarged leaves, within
a few days after the frost stress. Important in active research on
mutant plants and genes involved in pattering of Arabidopsis
stomata and trichomes (Geisler et al., 1998; Glover, 2000;
Szymanski et al., 2000), the molecular basis for ozone and
frost induced alteration in stomata and trichome pathways
may become better understood in the next few years.
Conclusions
This study indicates that increasing ozone delayed bud burst
in birch, whereas subsequent growth was stimulated leading
to increased biomass (in average 6.7%) in short-term in most
genotypes. Frost induced acute injuries were compensated by
increased leaf production in most genotypes resulting in 4–
25% enhanced leaf dry mass. Frost injury was most severe in
the early starting genotype (genotype 8), whereas the late
starting genotype (genotype 18) was resistant against frost
stress but most susceptible to ozone according to foliar
injuries. On the other hand, the most fast-growing genotype
(genotype 22) showed the greatest vulnerability to both ozone
and frost damage, and interaction of them, on the basis of
biomass response and acute frost injury in leaves. In a joint
action of ozone and frost stress, co-occurring ozone enhance-
ment did not protect the plants from acute frost damage,
whereas frost stress clearly reduced the appearance of visible
foliar ozone injuries and counteracted the ozone-induced changes
in stomatal size and density. However, negative interactions
were evident as well, because frost treatment nullified ozone-
induced growth enhancement, led to antagonistic responses
in leaf dry mass, and exacerbated ozone-caused reduction in
palisade cell, chloroplast and starch grain size. Overall, our
results indicate very large genetic variation in response to
abiotic factors. Taken together, the results showed that generally
birch recover from acute, short-term frost occurrence efficiently
through compensating leaf production, but co-occurring ozone
enhancement may disturb the recovery processes mechanistically
through structural damage in photosynthetic tissue, especially
in chloroplasts. In addition, rapid changes in epidermal cell
differentiation towards stomatal apparatus and/or glandular
trichomes occurred as a result of both stress factors to enhance
stress tolerance. Because earlier experiments have indicated
that the effects of abiotic stress in glasshouse or pot experiments
is neglible compared to field conditions, long-term studies in
field environment are now needed to verify the present results
and to estimate their implications to ecosystems and practical
forestry under current climate change.
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Abstract: 
Potted two-year old saplings from two different hybrid aspen (Populus tremuloides x 
Populus tremula) and two native European aspen (Populus tremula) clones were studied 
over one growing season (2003) using the open field ozone exposure system in Kuopio, 
Finland. The impacts of moderately elevated ozone (1·5 x ambient) and nitrogen 
supplement on the infection of aspen shoot blight (Venturia tremulae) was studied. The 
plants were studied for severity of infection symptoms, secondary leaf chemistry 
(salicylates, flavonoids and condensed tannins) and leaf anatomy. There were 
quantitative differences in secondary compounds between the species, explaining good 
V. tremulae tolerance of hybrid aspen and high V. tremulae sensitivity of European 
aspen, whereas effects of differences in leaf anatomy on infection severity were less 
evident. Elevated ozone increased the tolerance of European aspen to V. tremulae, 
possibly due to activation of similar though not identical defence mechanisms to fungal 
pathogens. Nitrogen supplement did not affect the occurrence of aspen shoot blight. 
Light microscopy study provided evidence that V. tremulae is entering the host through 
open stomata.  
 
Key words: ozone, nitrogen, pathogen, Populus, blight, phenolics 
 
Introduction: 
Tropospheric ozone (O3) is considered to be globally the most widespread phytotoxic 
air pollutant, having significant adverse impacts on crop yields, forest growth as well as 
species composition (Fuhrer et al., 1997; Ashmore, 2005; Sitch et al., 2007). Therefore, 
much research has been done to understand the phytotoxic action of O3 (Kangasjärvi et 
al., 1994; Kangasjärvi et al., 2005; Ashmore, 2005). Present research is focused on 
forest trees and crop species, which are important for human nutrition and welfare and 
for mitigating the climate change acting as carbon sinks. Levels of ambient O3 have 
almost doubled within the last century (Hough & Derwent, 1990; IPPC, 2001; 
Vingarzan, 2004) and it is predicted that tropospheric O3 concentrations continue to rise 
at an annual rate of 0.5-2.5% (Ashmore & Bell, 1991; Stockwell et al., 1997). Although 
O3 concentrations in Fennoscandia are generally lower than in central Europe, field 
experiments have shown that northern environment predisposes sensitive trees to O3 
damage (Oksanen et al., 2007) e.g. due to relatively high stomatal conductance rates 
and hence ozone uptake (Karlsson et al., 2007). 
 
In addition to increasing levels of O3, forest trees are exposed to several other biotic and 
abiotic stress factors, including drought, UV-B radiation and increasing nitrogen (N) 
deposition (UNECE, 2004). Anthropogenic nitrogen input to terrestrial ecosystems 
reached a peak level in the 1980s (Wright et al., 2001), thereafter emissions decreased 
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 slightly in most European countries. Nevertheless, current levels of nitrogen deposition 
may still present a risk for terrestrial ecosystems in South and Middle Europe through 
soil acidification and mobilization of phytotoxic aluminium ions. Additionally, nitrogen 
fertilization is a common practice in forestry, since nitrogen is considered to be the 
growth limiting factor in temperate and boreal forests.  
Aspen (Populus tremula) is geographically one of the world's most widely distributed 
tree species (Worrel, 1995). In Finland, aspen trees are found mainly in mixed forests 
and the relative abundance decreases towards the north (Latva-Karjanmaa, 2006). 
Aspen is a pioneer species and of great value for biodiversity providing food and 
protection for numerous organisms. More than 150 specialist species are entirely 
dependent on aspen in Fennoscandia (Siitonen, 1999; Kouki et al., 2004). In the past, 
aspen was an unwanted species in Finnish forestry as it is a host to the rust fungus 
Melampsora pinitorqua affecting young pine stands, and due to its ability to reproduce 
by numerous root suckers which may compete with other, more valuable tree species 
(Latva-Karjanmaa, 2006). Recently, the paper industry in Nordic countries showed a 
new interest in aspen fibre for pulp production. Especially hybrid aspen clones (Populus 
tremula x Populus tremuloides), but also native European aspen clones that are easily 
propagated, fast-growing and superior in silvicultural characteristics were chosen for 
cultivation on a wider scale. At the same time, diseases of aspen became of greater 
economical and ecological importance. 
 
Aspen shoot blight (synonym black shoot blight) caused by the ascomycete Venturia 
tremulae is a common and widely distributed disease affecting especially young aspen 
trees in cultivated and natural stands (Kasanen et al., 2001; Kasanen, 2004). Initial 
visible symptoms are black leaf spots which coalesce by time, leading to a blackening 
and wilting of the entire leaf. The infection spreads from the leaf blade down the petiole 
into succulent twigs, and as the disease progresses, whole twigs and the main shoot turn 
black. Dead shoots droop and resemble a shepherd's crook, a typical symptom for a 
disease caused by Venturia species. Primary infection of young leaves by ascospores 
occurs in early spring in the vicinity of blighted, over-wintered shoots and secondary 
infection by conidiospores (olive-green to brown layer on necrotic tissue) throughout 
the summer. Infection is favoured under wet weather conditions and spore dispersal 
occurs mainly directly through rain splash to the neighbouring leaves or through wind. 
Aspen shoot blight causes severe losses in stand regeneration and a delay of one or 
more years in establishing new stands (Dance, 1961). 
 
Previous research has shown that the combined stress of elevated O3 and fungal 
pathogens can have both additive and antagonistic effects and that the direction of O3 
effects on specific plant-pathogen systems can not be predicted yet (reviewed in Heagle, 
1973; Manning & von Tiedemann, 1995; Sandermann, 1996). Generally, periods of 
high ambient O3 concentrations are non-coincident with infection periods of most 
fungal pathogens (reviewed in Sandermann, 2000), since O3 formation is favoured under 
sunny weather conditions whereas fungal pathogens usually require high humidity and 
moderate temperatures (Agrios, 2005). However, under chronic O3 stress, like in this 
study, the plants are exposed to continuously higher levels of O3 independent from the 
prevailing weather situation leading to simultaneous impact of both stress factors. Both 
elevated O3 and fungal pathogens cause oxidative stress in the plant and trigger - by 
means of signal cascades - closely related defence processes including the induction of 
phytoalexins (Sandermann et al., 1998). Furthermore, it is believed that the 
susceptibility of plants to diseases is mainly determined by defensive and antioxidative 
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reactions of the secondary metabolism (Sandermann, 1996). Phenolic compounds such 
as salicylates (including salicortin, salicin, tremulacin and tremuloidin) and condensed 
tannins are dominant secondary metabolites of aspen and are considered to be effective 
deterrents against pathogens and herbivores (Lindroth, 2001). Moreover, there is a great 
variation in the quantity of foliar secondary metabolites among aspen clones (Lindroth, 
2001). 
 
The aim of this experiment was to assess the impact of realistically elevated 
tropospheric O3, in combination with two different soil nitrogen levels, on the 
occurrence of aspen shoot blight in hybrid and European aspen under open field 
conditions.  Possible differences in infection severity between treatments and species 
were expected to be linked to phenolic compound abundance in the leaves and/or to leaf 
anatomy. Another purpose of this study was to find evidence whether the infection 
pathway of V. tremulae is directly through penetration of the epidermis or via open 
stomata. Since O3 is known to cause a temporary closure of the stomata (Wieser & 
Matyssek, 2007), O3 might have a beneficial effect on the resistance of aspen against 
aspen shoot blight if the infection pathway is via open stomata. 
 
Materials and Methods: 
Plant material and experimental site: 
Two-year old saplings from two different hybrid aspen (Populus tremuloides x Populus 
tremula, clones ( 218 and 280) and two native European aspen (Populus tremula) clones 
(31 and 147) were studied over one growing season (2003). The clones were originated 
from experimental forests in Southern Finland. Clone 218 is a crossing between Finnish 
origin P. tremula as mother and Canadian origin P. tremuloides as father, whereas clone 
280 is a crossing between P. tremuloides from Southern Sweden and P. tremula from 
Finland. Clones 31 and 147 are Finnish origin P. tremula clones. The plants were 
micropropagated in spring 2001 at the Finnish Forest Research Institute, Haapastensyrjä 
Breeding Station. In early summer 2002, every sapling was individually potted in a 
plastic pot with a volume of 7·5-L, filled with a mixture of pre-fertilized nursery peat 
(Kekkilä, Finnpeat) and sand (2:1 by volume). The plants were transferred to the open-
air exposure site situated at the Kuopio University Research Garden (62o13´ N 27o35´) 
in July 2002, and randomly divided into four elevated ozone and four ambient ozone 
(control) blocks (a more detailed description of the open-air exposure site can be found 
in Karnosky et al., 2007). There were 20 saplings per clone in each block (160 
saplings/clone in total).The saplings received two levels of nitrogen (N) fertilization. In 
2002, ten plants per clone in each block were given either once (week 27) or twice 
(weeks 27 and 29) basic fertilization with Kekkilä Taimi-Superex (0.2% solution, 
N:P2O5 :K2O 19-10-24) to attain 39 kg N ha-1yr-1 (low N treatment) and 78 kg N ha-1yr-1 
(high N treatment) respectively. The saplings over-wintered in the field covered with 
conifer branches and snow. In 2003, it was necessary to increase the nitrogen dose 
because of the larger size of the seedlings. Basic fertilization for all plants was given on 
27 May and 5 June (Kekkilä Superex-9) corresponding to 60 kg N ha-1yr-1. Additional N 
fertilization (100 ml of 0.02M NH4NO3) for half of the saplings was given eight times 
during weeks 22-34 leading to a final dose of 140 kg N ha-1yr-1. In both years the pots 
were rotated twice during the growing season (within each block) and the plants were 
watered as needed. The treatments were: (1) ambient air + low N; (2) ambient air + high 
N; (3) elevated ozone + low N; (4) elevated ozone + high N. 
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 The saplings were grown in ambient (control plants) and elevated O3 levels in a 
computer controlled open-field fumigation system. O3 generation was from pure oxygen 
(Fisher OZ 500, Meckenheim) and O3 concentrations at canopy height were measured 
continuously with a model 1008-RS ozone analyzer (Dasibi Environmental Corp.). O3 
release was from perforated tubes in up-wind positions and the target set of O3 
concentration was twice the ambient. In the four fumigation blocks, the mean 
cumulative O3 exposure (AOT40) was 14.2 ppm in 2002 and 17.8 ppm in 2003 which 
corresponds to 1.5 and 1.4 x the ambient concentrations. The total fumigation periods 
were from 10 July to 21 October in 2002 and from 14 May to 6 October in 2003. O3 
release was stopped when wind was very strong or extremely calm, likewise during 
dew, heavy rain or when the ambient O3 concentration was below 10 ppb. For more 
detailed technical information, see (Karnosky et al., 2007). 
 
Aspen shoot blight (Venturia tremulae): 
Data from spores trap suggest spores of Venturia tremulae to be numerous in the 
ambient air during humid weather conditions in spring and summer, providing a 
sufficient source for infection (Risto Kasanen, personal communication). Nevertheless, 
to assure an adequate concentration of spores, over wintered, blighted twigs from 
natural European aspen stands were brought into the blocks (5 bundles of infected 
twigs/block) on 2 June and placed at canopy height into the centre of each experiment 
block. For monitoring disease progression the method described by Weisgerber (1968) 
was used. Accordingly, the infection symptoms are divided into three groups (leaf, twig 
and stem symptoms), which allows a detailed analysis about the extension of the 
infection. The state of infection is given by a grading number from one (healthy) to 
hundred (most severe damaged). Since the symptoms may occur within the three groups 
in different states, it is necessary to form combination levels. Two combination levels 
were added to the system of Weisgerber in order to adjust the method to observations 
made in the field. All saplings (160 saplings/clone; 640 plants in total) were evaluated 
five times (24 June, 15 July, 25 July, 12 August and 12 September) throughout the 
growing season. Previous studies have shown that shoot blight symptoms on hybrid 
aspen and aspen are exclusively caused by V. tremulae in Fennoscandia (Kasanen et al., 
2004). Furthermore, a considerable gene flow between populations of V. tremulae 
throughout Fennoscandia was suggested, since no signs of local variations of the fungus 
were found. Nevertheless, to assure the identity of the fungal pathogen, the morphology 
of the conidiospores arising from infected tissue was studied under the microscope 
(Figure 1c). Additionally, several isolations of the fungus, followed by in vitro sub 
culturing, were made from infected tissues as described previously in Kasanen et al. 
(2001). Disease symptoms, spore morphology and culture morphology all verified the 
causal agent to be V. tremulae. 
 
Secondary leaf chemistry studies: 
Extraction and analyses of secondary leaf compounds were done following the protocol 
of Nyman & Julkunen-Tiitto (2000) with slight modifications. Briefly, the samples (4 
samples/clone/treatment, 160 samples in total) were collected on 26 August from fully 
expanded first flush leaves, dried at room temperature (RH 10%), ground to a fine 
powder with an analysis mill (Analysenmühle, Janke & Kunkel) and stored at -20ºC 
until the analyses. 8 mg of sample was placed on ice and 600 µl of methanol was added 
to each sample. The samples were vortexed, allowed to stand for 15 min, and 
centrifuged for 3 min at 13000 rpm (at 4ºC). The supernatant was poured in a 6 ml tube 
and the residue was extracted four times (5 min each time) in 600 µl methanol. The 
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combined extracts were dried under N2 flow and were stored at -20ºC. High 
performance liquid chromatography (HPLC) was used for quantification (HP 1050 
series, Hewlett-Packard). Before HPLC, the samples were dissolved in 0·6 ml methanol-
H2O (1:1). HPLC runs were performed as described in Julkunen-Tiitto (1996) except 
that the injection volume was 15 µl. Identification of salicylates (salicortin, salicin, 
tremulacin and tremuloidin) and flavonoids (chlorogenic acid, neochlorogenic acid, (+)-
catechin, five cinammic acid derivates, myricetin, four quercetin derivates, kaempferol 
and isorhamnetin) were done on the basis of their retention times and UV- spectra. 
Resulting peaks were detected at 220 nm (salicylates) and at 320 nm (flavonoids) and 
analysed with ChemStation for LC3D program (Agilent Technologies). Quantities of 
condensed tannins were analysed by a butanol/HCl-colometric tannin assay (Hagerman 
& Butler, 1994). 
 
Microscopy: 
Samples for light and electron microscopy were collected on 16 June and on 19 August 
2003 (2 samples/clone/treatment, 32 leaves in total) between 10-11 a.m. from fully 
expanded first flush leaves. In the laboratory, 1·5 mm2 pieces were cut 2 cm from the 
leaf apex and placed in a 2·5% glutaraldehyde fixative (in 0·1M phosphate buffer, pH 
7·0). Leaf samples were post-fixed in 1% buffered OsO4 solution, dehydrated with an 
ethanol series followed by a propylene oxide series, and then embedded in LX112 
Epon. Sections for light microscopy (two replicates/sample) were stained with aqueous 
Toluidine blue and studied with a light microscope (MicroPhot-FXA, Nikon). Under the 
light microscope, two replicate photographs of every thin section were taken for 
measurements of total leaf thickness, palisade and spongy layer thickness and thickness 
of epidermis (lower and upper). The photographs were analyzed with Adobe Photoshop 
7·0 (Microsoft) using standard measurement tools of the program. 
 
Statistical analyses: 
The full factorial design of the experiment consisted of two levels of ozone, two levels 
of nitrogen and two species (two hybrid aspen and two European aspen clones). The 
experiment was carried out in four ambient (control) air and four elevated ozone blocks. 
Within each species, the clones were pooled. Since each block represents one replicate, 
data from each block was pooled (n = 4). The main effects and their interactions were 
revealed by using mixed model procedures with ozone, nitrogen level and species as 
fixed factors and with block as random factor (with Bonferroni correction). All 
statistical analyses were done with SPSS for Windows version 14·0 (SPSS Inc. 2005). 
Significance was accepted at the P≤ 0·05 level. 
 
Results: 
Aspen shoot blight: 
The progression of aspen shoot blight was studied under the light microscope from leaf 
cross-sections from the June sampling. Initial infection symptoms appeared as tiny areas 
of shrunken and blackened cells in the lower epidermis (Figure 1a), followed by 
gradually enlarging areas of shrunken and dead tissue (Figure 1b) leading to the 
destruction of the entire leaf structure. Further on, colonies of conidiospores developed 
on dead leaf tissue (Figure 1c). Cross-section pictures from the August sampling did not 
show conidiospore development.  
 
Hybrid aspen was significantly less susceptible to V. tremulae infection than European 
aspen (Table 1 and Figure 2) as was reported previously in Hynynen et al. (2002). 
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 Exposure to elevated O3 decreased the severity of aspen shoot blight in European aspen, 
whereas in hybrid aspen the effect was less apparent (Table 1 and Figure 2). Nitrogen 
fertilization did not affect the occurrence and/or severity of aspen shoot blight. 
 
Secondary leaf chemistry: 
Hybrid aspen had significantly higher amounts of total flavonoids and salicylates as 
compared to European aspen, but there were no effects of treatment (Table 1 and Figure 
3). Altogether, in hybrid aspen, the quantity of flavonoids, salicylates and condensed 
tannins were 15, 85 and 8% higher (respectively) than in European aspen. As for the 
single flavonoids, there was an increase in the amount of chlorogenic acid in the O3 
treatment (P = 0·027) in both hybrid and European aspen (data not shown). In contrast, 
the amounts of a cinnamic acid derivate and of salicin decreased in seedlings growing 
under elevated O3 in both species (data not shown). O3 x species interactions were found 
for neochlorogenic acid (P = 0·015) and a quercetin derivate (quercetin-3-arabinoside; P 
= 0·016; data not shown). The amount of these compounds decreased in hybrid aspen 
under elevated O3, whereas an increase in these compounds was observed in European 
aspen. The amount of condensed tannins did not differ significantly between the species 
and/or treatments (Table 1 and Figure 3).  
 
Microscopy: 
The total leaf thickness as well as the palisade and the spongy layer thickness of hybrid 
aspen were significantly thicker as compared to European aspen (Table 1 and Table 2). 
There was a species x N interaction for total leaf thickness, palisade layer thickness and 
lower epidermis thickness (Table 1). In hybrid aspen, both the total leaf and the palisade 
layer thickness decreased in high N plants, whereas an increase was observed in the 
thickness of the lower epidermis. In contrast, high N plants of European aspen showed 
an increase in total leaf and palisade layer thickness, whilst the thickness of the lower 
epidermis decreased (Table 2). 
 
Discussion: 
It is yet unknown whether V. tremulae enters the host through penetration of the 
epidermis or through open stomata. A close related pathogen, the causal agent of apple 
scab (V. inaequalis) is known to enter the host through penetration of the cuticle, where 
it remains and grows between the cuticle and the outer cell wall of the epidermis 
(Agrios, 2005). In this study however, the starting point of visible symptom 
development was always at the lower epidermis, which suggests an infection pathway 
via open stomata. Further infections of twigs and the main shoot may either occur 
through mycelial growth from the leaf blade down the petiole or directly through 
lenticels in the bark. Thereby, more research is still needed to confirm the actual 
pathway of host inoculation by V. tremulae. 
 
Phenolic compounds are the predominant secondary metabolites of aspen, produced via 
the shikimic acid pathway (Lindroth, 2001). These include salicylates (Palo, 1984; 
Lindroth et al., 1987) and condensed tannins (Hemming & Lindroth, 1995; Osier et al., 
2000). Genotypic variation in aspen is much higher in secondary metabolites than in 
primary metabolites. Furthermore, it is believed that genotypic variation in resistance to 
pathogens is more likely to be determined by secondary than by primary chemical 
composition (Lindroth, 2001).  Flavonoids in general have been reported to play a 
significant role in plant resistance (Treutter, 2006), both as preformed (constitutive) 
antifungal compounds (Grayer & Harborne, 1994) and as induced compounds 
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(phytoalexins) after pathogen or herbivore attack (Barry et al., 2002; Treutter, 2005). 
Consequently, the higher V. tremulae sensitivity of European aspen as compared to 
hybrid aspen could be explained by the lack of defence compounds from the 
phenylpropanoid pathway above a certain threshold required for effectively fending off 
inoculation. Whether the accumulation of phenolic compounds in hybrid aspen was due 
to constitutively higher levels of these compounds or due to the activation of defence 
mechanisms after contact with ascospores in early spring remains unclear.  
In addition to differences in secondary chemistry of leaves, the thicker spongy layer in 
hybrid aspen might contribute to the better V. tremulae tolerance by acting as a buffer 
zone for fighting back inoculation. 
 
Air pollutants in general are known to influence the performance of pathogens on 
numerous plant species as reviewed in Bell et al. (1993). In this study, elevated O3 had 
the tendency to increase the tolerance against V. tremulae infection in European aspen. 
This is in accordance with previous studies reporting a beneficial effect of O3 on the 
performance of pathogens, including oat crown rust, wheat stem rust and barley 
powdery mildew (Heagle & Key, 1973), wheat brown rust (Dohmen, 1987), pea 
powdery mildew  (Rusch & Laurence, 1993) and the root pathogen Phytophtora 
citricola on European beech (Luedemann et al., 2005). On the other hand, additive 
effects of O3 and pathogen stress have been found, as with bean rust (Resh & 
Runneckles, 1973), peach rust (Badiani et al., 1993) and poplar rust (Beare et al., 1999; 
Karnosky et al., 2002). The action of O3 in the plant is considered to resemble the 
reactions following pathogen attack. Both stress factors cause oxidative stress through 
active oxygen species, followed by signal chains leading to the activation and/or 
repression of specific genes to the point of a changed metabolic status, which 
determines whether the plant becomes more resistant or more sensitive towards other 
stress factors (Sandermann, 1996). Though many reactions including the induction of 
phytoalexins, cellular barriers, PR-proteins, signal substances (ethylene and salicylic 
acid) and antioxidative systems are shared by O3 and fungal elicitors, O3 seems to lack 
the precision of fungal elicitors to coordinate the defence response in temporal and 
spatial patterns required. As a consequence, exposure to O3 may lead to a perturbation 
of the central defensive systems of plants such as the hypersensitive response (HR) and 
systemic acquired resistance (SAR) (Sandermann, 1998). In this experiment, O3 caused 
an increase in the amount of chlorogenic acid and a decrease in a cinnamic acid derivate 
as well as in salicin. Chlorogenic acid plays a role in defence against pathogens as 
previous studies with transgenic tobacco plants indicated (Maher et al., 1994; Shadle et 
al. 2003). Likewise, phenolic glycosides (identity unknown) in aspen were found to 
inhibit spore germination of Hypoxylon mammatum and Alternaria sp. (Flores & 
Hubbes, 1979 and 1980). In a later study with aspen, the phenolic glycosides salicin and 
salicortin - together with catechol - were found to cause the inhibition of H. mammatum 
ascospore germination (Kruger & Manion, 1994). In this study, O3 provided protection 
against V. tremulae in European aspen could be partially explained by activated 
biosynthesis pathways for neochlorogenic acid and a quercetin derivate (quercetin-3-
arabinoside) in this species which was supported by the significant O3 x species 
interaction. It is a well known fact that trees restrict O3 uptake into the leaves by 
stomatal closure (Wieser & Matyssek, 2007). Therefore, it is likely that O3 provided 
protection against V. tremulae was partially due to temporary stomatal closure inhibiting 
the entrance of spores of V. tremulae into the leaves.  
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 To conclude, the susceptibility to V. tremulae was mainly determined by the secondary 
leaf chemistry. Exposure to O3 seemed to increase the tolerance of European aspen to 
aspen shoot blight, but on the other hand, O3 may predispose aspen to other pathogens 
and/or herbivores (which do not enter the host via open stomata) by perturbation of the 
chemical defence response. The use of N fertilization - a common practice in forestry- 
did not affect the occurrence of aspen shoot blight. 
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Table 2. Mean values (± S.E.) for total leaf thickness, palisade layer, spongy layer, 
upper epidermis and lower epidermis thickness (μm) in hybrid aspen (P. tremuloides x 
P. tremula) and European aspen (P. tremula) exposed to elevated O3 and soil nitrogen. 
Species Thickness (μm) Ctrl + low 
N 
Ctrl + high 
N 
O3 + low 
N 
O3 + high 
N 
Hybrid  Total leaf 160 ± 2·0 159 ± 2·4 171 ± 0·1 152 ± 5·5 
 Palisade layer  88 ± 2·1  86 ± 2·9   96 ± 6·7  81 ± 6·8 
 Spongy layer  53 ± 0·8  53 ± 0·8   55 ± 6·8  51 ± 1·4 
 Upper epidermis  10 ± 0·2  11 ± 0·4   11 ± 0·1  10 ± 0·1 
 Lower 
epidermis    9 ± 0·5    9 ± 0·1     9 ± 0·1    9 ± 0·1 
European Total leaf 129 ± 3·8 140 ± 5·4  131 ± 1·5 143 ± 2·3 
 Palisade layer   64 ± 0·4   72 ± 1·7    65 ± 0·2  75 ± 2·8 
 Spongy layer   45 ± 4·4   48 ± 3·9    45 ± 1·8  49 ± 0·8 
 Upper epidermis   10 ± 0·2   11 ± 0·1    11 ± 0·6  11 ± 0·2 
 Lower 
epidermis    9 ± 0·4     9 ± 0·1      9 ± 0·1   8 ± 0·0 
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Figure 1. Infection pathway of V. tremulae in European aspen (P. tremula) in leaf 
samples collected on 16 June 2003. (a) Starting point of V. tremulae infection (black 
arrow) in the lower epidermis appearing as shrunken and blackened cells. Scale bar = 
100μm. (b) Progressing infection in the stomatal cavity and surrounding cells (black 
arrow). Scale bar = 100μm. (c) Leaf section showing infected tissue covered with 
conidiospores. Scale bar = 100 μm. 
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Figure 2. Infection of hybrid aspen (P. tremuloides x P. tremula) and European aspen 
(P. tremula) with aspen shoot blight (V. tremulae) in August 2003. Grading numbers 
from 0 (healthy) to 100 (most severe infected) demonstrate the current state of infection. 
Values are means ± S.E. Bars: open, ambient air + low N; grey, ambient air + high N; 
black, elevated ozone + low N; /-hatched, elevated ozone + high N. 
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Figure 3. Concentration of phenolic compounds (flavonoids, salicylates and condensed 
tannins) in leaves of hybrid aspen (P. tremuloides x P. tremula) and European aspen (P. 
tremula) in mg g-1 dwt. Values are ± S.E.; treatments are pooled. Stars indicate 
significant differences according to mixed model analyses, * ≤ 0·05, ** ≤ 0·01. Bars: 
grey, hybrid aspen; black, European aspen. 
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Abstract 
 
In this study, we tested the impact of moderately elevated ozone (O3) (1.5 × ambient; 
equivalent to predicted near-future ozone concentrations) on the feeding behaviour of 
the common leaf weevil Phyllobius pyri L. (Coleoptera: Curculionidae), on two hybrid 
aspen [Populus tremula × Populus tremuloides (Salicaceae)] clones (clones 55 and 110) 
differing in ozone sensitivity using the open-air ozone exposure site in Kuopio, Finland. 
Three host selection tests (test between treatments, test between clones, and test 
between treatments × clones) with common leaf weevil females were carried out in the 
laboratory in the 2nd year of ozone exposure. The beetles were offered two (four for the 
tests between treatments and clones) freshly cut leaf discs from first flush leaves. After 
24h, the beetles were removed and the leaf disc area consumed was measured. In the 
field, the unfolding of the buds was followed and samples were taken for anatomical 
and chemical (salicylates, condensed tannins, nitrogen, and water content) leaf analyses. 
Phyllobius pyri significantly preferred leaves from clone 55 to those from clone 110 in 
the ambient air treatment, whereas this preference was less evident under elevated 
ozone. Leaves from ozone-exposed trees were significantly preferred to leaves grown in 
ambient air. Our results suggest that the preference of clone 55 and of ozone-exposed 
leaves can be explained by phenotypic properties of the plant and prevailing ozone 
concentration through shifts in leaf development process, phenolic composition, and 
leaf thickness. 
 
Introduction 
 
Tropospheric ozone (O3) is considered to be the most widespread phytotoxic air 
pollutant currently impacting forests in Europe and worldwide (Fuhrer et al., 1997; 
Matyssek & Innes, 1999; Ashmore, 2005). Ozone is generated by photochemical 
reactions from primary precursor emissions of nitrogen oxides (NOx) and volatile 
organic compounds (VOCs) and it is predicted that tropospheric ozone concentrations 
will rise at an annual rate of 0.5-2.5% (Ashmore & Bell, 1991; Stockwell et al., 1997; 
Vingarzan, 2004) leading to an expansion of forest areas exposed to critical ozone 
concentrations (Fowler et al., 1999). Many studies have confirmed the phytotoxic action 
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of ozone (reviewed in Ashmore, 2005; Kangasjärvi et al., 2005) and its interactive effect 
on the secondary metabolism of plants (Oksanen, 2003; Oksanen et al., 2005; 
Kontunen-Soppela et al., 2007). Correspondingly, ozone-caused changes in leaf quality 
have potential to alter host-herbivore interactions, which may be either beneficial or 
negative for the host plant (Awmack et al., 2004; Agrell et al., 2005; Valkama et al., 
2007). 
Hybrid aspen [Populus tremula × Populus tremuloides (Malpighiales: 
Salicaceae)] is a valued tree species in the paper industry, as it is easy to propagate, fast-
growing and has superior silvicultural characteristics. The economical importance of 
aspen has increased because of the viability of using aspen wood for bio-fuel 
production. Not only has industry rediscovered the value of aspen, but aspen has also 
become an appreciated model organism for studying tree and woody perennial plant 
biology (Jansson & Douglas, 2007). 
Birch and aspen plantations may be severely defoliated by polyphagous 
leaf weevils of the genus Phyllobius (Coleoptera: Curculionidae). Adult common leaf 
weevils (Phyllobius pyri L.) feed in early summer (May-June) mainly on aspen and 
birch (Larsson & Lohm, 1975) where they chew holes in the leaves along the leaf 
margins. Eggs are laid on field vegetation and the larvae feed on grass roots (Saalas, 
1949; Axelsson et al., 1973). Phyllobius pyri has five instars, after which pupation 
occurs in the soil ( Larsson & Lohm, 1975). In the following spring, adults emerge in 
mid-May and fly to a nearby forest to feed. The host range includes aspen, birch, 
mountain ash, alder, and willow. Additionally, P. pyri has been observed on several 
species of the Rosaceae family and on several weeds (Axelsson et al., 1973). The aim of 
this experiment was to assess the impact of predicted near-future ozone concentrations 
on the feeding behaviour of an herbivorous insect on its natural host plant, using the 
common leaf weevil and two hybrid aspen clones differing in ozone sensitivity 
(Oksanen et al., 2001; Häikiö et al., 2007) as a model system.  
 
Materials and methods 
 
Plant material and experimental site 
Three-year-old seedlings from two different hybrid aspen (P. tremuloides × P. tremula) 
clones (clones 55 and 110) were studied over one growing season (2004). The clones 
originated from experimental forests in southern Finland. Both clones represent crosses 
between Finnish-origin P. tremula mothers and Canadian-origin P. tremuloides fathers. 
The plants (200 plants/clone)were micro-propagated in the Spring of 2001 
at the Finnish Forest Research Institute (Breeding Station in Haapastensyrjä) and 
planted into soil at the open-air exposure fields situated at the Kuopio University 
Research Garden (62o13´ N 27o35´) in July 2002. The seedlings were randomly divided 
into the two treatments: Four ambient ozone (control) and four elevated ozone blocks. 
The plants received neither fertilization nor watering and over-wintered in the field, 
covered only by snow.  
 
Ozone fumigation 
The seedlings were grown in ambient (control plants) and elevated ozone levels in a 
computer controlled, open-field fumigation system. Ozone was generated from pure 
oxygen (Ozone Generator G21: Pacific Ozone Technology Inc., Brentwood, CA, USA) 
and ozone concentrations at canopy height were measured continuously with a model 
1008-RS ozone analyzer (Dasibi Environmental Corp., Glendale, CA, USA). Ozone 
release was from perforated tubes in up-wind positions and the target set of ozone 
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concentration was twice the ambient. In the four fumigation blocks, the mean 
cumulative ozone exposure (AOT40) was 10.4 ppm in 2004, which corresponds to 1.3 × 
the ambient level. The total fumigation period in 2004 was from 4 May to 25 
September. Ozone release was stopped when the wind was either very strong or 
extremely calm, likewise during dew, heavy rain, or when the ambient ozone 
concentration was below 10 ppb. For more detailed technical information, see 
(Karnosky et al., 2007). 
 
 Host selection tests 
Common leaf weevils, P. pyri, were selected for the host selection tests, as adult beetles 
are native herbivores of aspen (Saalas, 1949). The beetles were collected on 7 June from 
a hybrid aspen cultivation situated at the Finnish Forest Research Institute (Suonenjoki 
station) and brought into a cool room (+ 4 °C). For the experiments, only female beetles 
were selected and the beetles were made to fast 24 h before the experiments. The host-
selection tests were carried out in the laboratory on 9 and 10 June (two-choice test 
between treatments), 22 June (two-choice test between clones), and 23 June (multiple-
choice test between treatments and clones) 2004, which is the main feeding time for P. 
pyri (Axelsson et al., 1973).  Each female P. pyri was placed in a Petri dish filled with a 
layer of plastic foam and a layer of moist filter paper. Two (four for the test between 
treatments and clones) leaf discs (2 cm2 in area) from freshly-collected first-flush leaves 
were cut and fixed on the filter paper with a pin, allowing feeding along the leaf disc 
margin. The beetles were allowed to feed for 24 h before the area consumed was 
measured. All leaf discs were scanned after the experiments and the area consumed was 
determined by measuring the remaining area with Adobe Photoshop 7.0 (Adobe 
Systems Incorporated, San Jose, CA, USA) using standard measurement tools of the 
program. 
 
Microscopy 
Samples for light microscopy were collected on 6 July 2004 (16 
samples/clone/treatment, 64 leaves in total) between 10:00 and 11:00 hours from fully-
expanded first-flush leaves. In the laboratory, 1.5 mm2 pieces were cut 2 cm from the 
leaf apex and placed in a 2.5% glutaraldehyde fixative (in 0.1M phosphate buffer, pH 
7.0). Leaf samples were post-fixed in 1% buffered OsO4 solution, dehydrated with an 
ethanol series followed by a propylene oxide series, and then embedded in LX112 
Epon. Sections for light microscopy were stained with aqueous Toluidine blue and 
studied with a light microscope (MicroPhot-FXA: Nikon Corporation, Tokyo, Japan). 
Under the light microscope, four replicate photographs of every thin section were taken 
for measurements of total leaf thickness, palisade and spongy layer thickness and 
thickness of epidermis (lower and upper). The photographs were analyzed with Adobe 
Photoshop 7.0 using standard measurement tools of the software. 
 
Secondary leaf chemistry studies 
Extraction and analyses of secondary leaf metabolites were done following the protocol 
of Nyman & Julkunen-Tiitto (2000) with slight modifications. Briefly, the samples (12 
samples/clone/treatment, 48 samples in total) were collected on 4 August from fully-
expanded first-flush leaves, dried at room temperature (10% r.h.), ground to a fine 
powder with an analysis mill (Janke & Kunkel GmbH, Staufen, Germany), and stored at  
–20 ºC until the analyses. Eight mg of sample was placed on ice and 600 µl of methanol 
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was added to each sample. The samples were vortexed, allowed to stand for 15 min, and 
centrifuged for 3 min at 7.5 × g (at 4 ºC). The supernatant was poured into a 6 ml tube 
and the residue was extracted four times (5 min each time) in 600 µl methanol. The 
combined extracts were dried under N2 flow and stored at –20 ºC. High performance 
liquid chromatography (HPLC) was used for quantification (HP 1050 series, Hewlett-
Packard, Avondale, PA, USA). Before HPLC, the samples were dissolved in 0.6 ml 
methanol-H2O (1:1). HPLC runs were performed as described in (Julkunen-Tiitto, 
1996), except that the injection volume was 15 µl. Identification of salicylates as 
salicortin, salicin, tremulacin and tremuloidin was done on the basis of  their retention 
times and UV- spectra. Resulting peaks were detected at 220 nm and analysed with 
ChemStation for LC3D program (Agilent Technologies Inc., Santa Clara, CA, USA). 
Additionally, quantities of soluble condensed tannins were analysed by a butanol/HCl-
colorimetric tannin assay (Hagerman & Butler, 1994).  
 
Bud burst 
The bud burst was followed by counting the number of open buds (the first 15 buds 
from the top) per plant (200 plants in total) on six subsequent days, from the beginning 
of the bud burst on 4 May (evaluation date 1) until all buds were open on 9 May 
(evaluation date 6). 
 
Foliar nitrogen and water content analyses 
Nitrogen concentration was determined by the standard Kjeldahl method (Allen, 1989). 
For leaf water content determination, one first flush leaf per tree was sampled (three 
trees/clone/block = 48 leaves in total) and scaled (21 June). Thereafter, the leaf area was 
measured and the leaves were dried for 24 h at 60 ºC in the oven. On the next day, the 
leaves were scaled again and the water content was calculated. 
 
Statistical analyses 
As data from host selection tests (n = 16) were not normally distributed, non-parametric 
tests for independent samples (Mann-Whitney) were applied to reveal differences 
between treatments and clones. Data from anatomical leaf parameter studies (n = 16) 
were analysed using General Linear Model Multivariate options (Bonferroni correction) 
with clone and treatment as fixed factors. Because samples for chemical leaf profile 
analyses (salicylates, condensed tannins, foliar nitrogen, and water content) were not 
taken from the same tree individuals as samples for host selection tests and anatomical 
studies, the values from each block were pooled before being tested with GLM 
Multivariate options (n = 4) to supply background information. Bud burst data (n = 4) 
were tested with non-parametric tests for independent samples (Mann-Whitney). All 
statistical testing was done with SPSS for Windows version 14.0 (SPSS Inc., Chicago, 
IL, USA). Significance was accepted at the P≤0.05 level.  
 
Results 
 
Host selection tests 
The average leaf area consumed by P. pyri females was significantly larger in leaves 
treated with elevated ozone than in control leaves in both hybrid aspen clones (Figure 
1). Of the control leaves, the beetles significantly preferred clone 55 to clone 110, 
whereas this preference was less evident in leaves grown under elevated ozone (Figure 
2). The test allowing free selection between treatments and clones in the same 
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experiment confirmed earlier observed preferences as ozone-exposed leaves from clone 
55 were mostly chosen (Figure 3). 
 
Anatomical studies 
Generally, leaves from clone 55 proved to be significantly thinner in every measured 
parameter (except spongy layer) as compared to clone 110 (Tables 1 and Table 2). 
Exposure to elevated ozone resulted in a significant decrease in total leaf and spongy 
layer thickness in both clones (Tables 1 and 2).  
 
Salicylates and condensed tannins 
Clone 55 had significantly higher amounts of salicortin (P = 0.012), salicin (P = 0.043), 
tremulacin (P = 0.016), tremuloidin (P = 0.003) and condensed tannins (P = 0.003) than 
clone 110 (Table 3). Elevated ozone tended to increase the amounts of salicylates 
(except salicin in both clones and tremuloidin in clone 55) and condensed tannins in 
both hybrid aspen clones. This increase was significant for tremulacin (P = 0.011). 
 
Bud burst 
Clone 110 was earlier in bud burst than clone 55, which is significant throughout 
evaluation dates  
2-5 in both treatments (P<0.022; Figure 4). Moreover, exposure to ozone delayed the 
bud burst in both clones, which was significant on evaluation dates 4 and 5 in clone 55 
and for evaluation dates 2, 3 and 4 in clone 110 (P<0.03, respectively). 
 
Foliar nitrogen and water content 
There was neither a difference in the foliar nitrogen content between treatments nor 
between the clones (data not shown). Clone 110 had a significantly higher water content 
than clone 55 (P ≤ 0.001), but there was no difference in the water content between the 
treatments (data not shown). Treatment*clone interactions were not significant for these 
parameters. 
 
Discussion 
 
In this study we were able to demonstrate that herbivore (P. pyri) feeding in hybrid 
aspen is affected by phenotypic properties of the plant and prevailing ozone 
concentration, via shifts in leaf development process, phenolic composition, and leaf 
thickness. Elevated ozone caused a delay in bud burst in this experiment. This coincides 
with the results of Prozherina et al. (2003), who reported a delayed bud burst in birch 
due to ozone exposure. As a consequence of delayed bud burst, leaves of ozone exposed 
plants are physiologically slightly younger than those emerging from control plants at 
the beginning of the growing season, thus displaying a shift in leaf developmental stage. 
Although the delay was only short, it may have importance during the very fast cell 
enlargement and leaf expansion rate. Additionally, clone 55 showed a few days slower 
bud burst rate as compared to clone 110, leading (particularly in combination with 
elevated ozone) to yet larger shifts in the foliar developmental stage. These temporal 
differences in foliar developmental stage most likely contributed through chemical and 
anatomical shifts to the greater palatability of clone 55 and of ozone exposed leaves in 
the June feeding experiment. This agrees with the findings of Ikonen (2002), who 
conducted a series of host selection tests with six leaf beetle species with different 
overall relationships to phenolic glycosides and differently-aged leaves of three 
salicaceous plant species. His results showed a general preference for young leaves 
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containing more phenolic glycosides than for older leaves. In general, young leaves 
have been reported to contain higher amounts of phenolic compounds than older leaves 
(Julkunen-Tiitto, 1989; Denno et al., 1990; Bingaman & Hart, 1993). There are, 
however, great differences in the contents of individual phenolic compounds during bud 
unfolding and leaf development, as reported in birch (Laitinen et al., 2002). In addition 
to leaf maturation, exposure to elevated ozone may lead to an increase in several 
phenolic compounds, as it was found previously in sugar maple (Sager et al., 2005) and 
in silver birch (Oksanen et al., 2007; Valkama et al., 2007). 
Beside the relative attractiveness of phenolic glycosides as an indicator of 
leaf age, both phenolic glycosides and condensed tannins are generally considered to be 
deterrents for generalist herbivores (Hemming & Lindroth, 1995; Ikonen et al., 2002). 
On the other hand, previous studies with salicaceous species have reported phenolic 
glycosides to be stimulants for leaf beetles associated with high-glycoside salicaceous 
species (Orians et al., 1997). Feeding trials with pure phenolic glycosides confirmed the 
role of these compounds as feeding stimulants (Orians et al., 1997). Furthermore, some 
salicaceae-associated leaf beetle species are known to use salicylates as precursors for 
their larval defensive secretion and, as consequence, survive best on salicylate-rich 
hosts (Denno et al., 1990; Rank & Smiley, 1994). Because P. pyri larvae feed on grass 
roots (Axelsson et al., 1973), larval defensive secretion is not the reason for the 
preference of high quantities of phenolic compounds. Eisner et al. (1999) revealed that 
Utetheisa ornatrix females use food-plant-derived compounds in order to sequester a 
defensive layer around the eggs. Although no records exist for Phyllobius species, the 
possibility of using salicylate-derived compounds to increase egg survival should be 
considered. In this experiment, the samples for salicylate and condensed tannin analyses 
were taken late in the growing season (4 August). Therefore it is likely that the amount 
of salicylates was higher during the time the host selection tests were conducted (June) 
and that variation between clones and treatments was even higher. As well, the 
condensed tannin content increasing with leaf age and acting generally as a feeding 
deterrent was probably lower at the time of the feeding trials.  
Although in some experiments the preference of young leaves has been 
explained by higher foliar nitrogen content and softer tissues, rather than due to 
variability in secondary chemistry (Ikonen, 2002), in our study neither the foliar 
nitrogen content nor the foliar water content could explain the observed preferences. In 
another feeding experiment with Galerucella lineola and 60 Salix phylicifolia clones, 
the feeding preference could be well explained by leaf nitrogen content, whereas water 
content and secondary compounds were not related to the relative palatability (Sipura, 
2000). In contrast, in a feeding trial with Epirrita autumnata larvae and mountain birch, 
foliar water content (alone or in combination with leaf toughness and sugar/protein 
ratio) was found to explain most of variances in herbivore growth (Haukioja et al., 
2002). 
In addition to phenolic compounds, leaf thickness increases with leaf age, 
offering herbivores another characteristic for determining leaf maturation. Our results 
suggest that P. pyri females preferred young and thin leaves showing high amounts of 
phenolic glycosides, because thin-leaved clone 55 (with high amounts of phenolic 
compounds) was preferred to thick-leaved clone 110 (with relatively low amounts of 
phenolic compounds). Together with leaf thickness and phenolic compound content, 
leaf toughness can be considered as an indicator of leaf age. Feeding trials with 
caterpillars of different families and young, semi-mature and mature Castanopsis fissa 
leaves revealed a general preference of young and soft tissues to older and tougher ones 
(Choong, 1996). The toughness of especially the midrib and the secondary veins form a 
 86
mechanical barrier for leaf chewing herbivores by increasing the time and energy 
needed to fracture the leaf in order to obtain the nutritious mesophyll. For the plant, 
lignified cell walls are a low-cost defence mechanism against all sorts of chewing 
herbivores, as the energy required to break through this mechanical barrier remains the 
same for any animal (Choong, 1996). Accordingly, it is very likely that ozone-exposed 
leaves were favoured over control leaves because of being younger, softer, thinner, and 
containing higher amounts of salicylates and/or other chemical compounds. On the 
other hand, experiments with transgenic birch lines with modifications in lignin 
biosynthesis and herbivorous insects common in boreal forests showed that feeding 
preferences could not be directly correlated to lignin modification (Tiimonen et al., 
2005).  
 To conclude, this experiment showed that predicted near-future 
concentrations of tropospheric ozone could lead to an expansion of the host range of the 
common leaf weevil towards hitherto less tasty genotypes. On a longer time scale, this 
may result in a greater reproduction rate of P. pyri and, as a consequence, in severe 
outbreaks, especially in monoclonal cultivated aspen stands.  
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Figure legends: 
Figure 1.  Host selection test - test between treatments - with common leaf weevil, 
Phyllobius pyri. Values are means + SE. Bars: grey, control; black, elevated ozone. 
*P≤0.05; **P≤0.01. 
 
Figure 2. Host selection test - test between clones - with Phyllobius pyri. Values are 
means + SE. Bars: white, clone 55; black, clone 110. *P≤0.05. 
 
Figure 3. Host selection test - test between treatments and clones - with Phyllobius pyri. 
Values are means + SE. Different letters indicate significant difference at P≤0.05. 55 
(clone 55);110 (clone 110). 
 
Figure 4. Monitoring of bud burst in hybrid aspen (Populus tremula × Populus 
tremuloides). Percentage of open buds (the first 15 buds from the top were monitored) 
on six subsequent days in May 2004. Values are means + SE. Symbols: black circle, 
clone 55 + control; white circle, clone 55 + elevated ozone; black square, clone 110 + 
control; white square, clone 110 + elevated ozone. 
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Table 1. Main effects of clone, ozone and their interaction on leaf anatomy in two 
hybrid aspen (Populus tremula × Populus tremuloides) clones, n = 16. 
Leaf parameter Clone O3  Clone*O3
Leaf thickness 0.017 0.035 0.877 
Palisade layer 0.017 0.083 0.690 
Spongy layer 0.358 0.016 0.821 
Upper epidermis 0.022 0.642 0.731 
Lower epidermis 0.002 0.198 0.234 
Significant P-values in bold (ANOVA: P≤0.05). 
 
Table 2.  Anatomical leaf properties of hybrid aspen (Populus tremula × Populus 
tremuloides) clones grown in ambient and elevated ozone concentrations on 6 July 
2004. Values are means ±SE. 
Response (µm) Clone Control  Elevated O3
Leaf thickness 55     144 ± 3     134 ± 5 
 110     158 ± 3     146 ± 3 
Palisade layer 55      70 ± 2      66 ± 3 
 110      81 ± 2      73 ± 1 
Spongy layer 55      55 ± 2      50 ± 2 
 110      57 ± 1      52 ± 2 
Upper epidermis 55   10.4 ± 0.3   10.3 ± 0.5 
 110   11.5 ± 0.2   11.2 ± 0.3 
Lower epidermis 55     8.2 ± 0.3     8.2 ± 0.4 
 110     8.8 ± 0.2     9.5 ± 0.3 
 
Table 3. Concentration (mg g-1 dry weight) of salicylates (salicortin, salicin, tremulacin 
and tremuloidin) and condensed tannins on 4 August 2004 in two hybrid aspen (Populus 
tremula × Populus tremuloides)  clones grown in ambient and elevated ozone 
concentrations. Values are means ± SE. 
mg g-1 dwt Clone Control Elevated O3
Salicortin 55 52.88 ± 12.40   72.69 ± 6.84 
 110 31.47 ± 8.54   40.70 ± 7.48 
Salicin 55   7.13 ± 0.98     6.59 ± 0.39 
 110   5.46 ± 0.70     5.02 ± 0.67 
Tremulacin 55 20.58 ± 2.00   37.51 ± 3.17 
 110 14.07 ± 5.27   21.29 ± 4.84 
Tremuloidin 55   3.80 ± 0.92     3.65 ± 0.42 
 110   1.41 ± 0.60     1.45 ± 0.46 
Total salicylates 55 84.38 ± 14.02 120.44 ± 9.29 
 110 52.42 ± 13.81   68.46 ± 12.62 
Tannins 55 52.88 ± 12.40   72.69 ± 6.84 
 110 31.47 ± 8.54   40.70 ± 7.48 
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6.1 Combined ozone and frost stress 
Both ozone and frost stress are abiotic oxidativ stresses which can lead to excessive 
production of ROS in the leaves, especially in the photosynthetic tissue. Therefore, the 
joint action of these stress factors could be expected to have an additive or synergistic 
effect on the plant, particularly on membranes. However, there are certain specific 
characteristics which can modify how a tree will respond to stress, e.g. the accumulation 
of cryoprotectants due to freezing temperatures. Whilst ozone resistance in plants is 
mainly linked to the detoxification capacity of the apoplast, frost resistance is believed 
to be a result of more efficient photochemistry at suboptimal temperatures and higher 
Calvin-cycle turnover rates, which leads to reduced ROS production (Brüggemann et 
al., 1999). 
 
Our study clearly indicated the complex interaction of ozone and frost on birch, as well 
as the high variation in responses between the birch genotypes. In the chamber 
experiment, concurrent ozone exposure exacerbated frost induced visible leaf injuries 
only in one genotype. Conversely, frost stress on two consecutive nights significantly 
reduced the amount of visible ozone injuries (Chapter 2). On the other hand, in an open-
field study including four out of six birch genotypes used in our experiment, no signs of 
visible frost injuries on the leaves were observed after frost treatment, and furthermore 
frost stress did not protect the leaves against visible ozone symptoms (Silfver et al., 
2007). In that experiment, frost induced tissue damage could rather be seen in 
significantly increased electrolyte leakage, this being present in both single frost and 
combined ozone and frost treatments (Silfver et al., 2007). The lack of visible frost 
symptoms in the field experiment might be explained by the generally cooler ambient 
temperatures as compared to the May temperature profile used in our chamber 
experiment (Chapter 2) possibly leading to a pre-adaptation of the birch seedlings.  
 
In addition to visible freezing injuries, changes in the amount of glandular trichomes per 
leaf area were found in the chamber experiment (Chapter 2). Frost stress alone clearly 
increased the amount of glandular trichomes, whilst the effect was less evident in the 
combined stress treatment (Chapter 2). A high density of trichomes is known to reduce 
leaf surface wetness, either by segregating surface moisture into patches or by lifting 
water droplets above the leaf epidermis (Brewer & Smith, 1997). Under freezing 
conditions, plants that are able to inhibit ice formation on the leaf surface are more 
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resistant to temperatures below zero. Therefore, even a slight decrease in trichome 
density, such as that seen under combined ozone and frost treatment, might lead to a 
trichome density too low to be effective against the prevention of ice formation on the 
leaf surface. Furthermore, in a study with two poplar species, exposure to ozone resulted 
in alterations of cuticle properties, which tended to retain water on the leaf surface and 
to form water films instead of water droplets, thus increasing the duration of leaf 
wetness and predisposing the leaf to freezing (Schreuder et al., 2001). In addition to 
increased formation of trichomes, an increased density and a smaller size of stomatal 
apparatus was an early response to combined action of ozone and frost stress. Stomata 
have a crucial role in controlling exchange of water and carbon dioxide, and their size, 
density and distribution represent an integrated outcome and moderator of several 
physiological processes, such as photosynthesis and transpiration (Vavasseur & 
Raghavendra, 2004). Stomata are epidermal channels not only for carbon dioxide, but 
also for air pollutants, such as ozone, and also for pathogens. Our experiment revealed 
the impressive plasticity of developing birch leaves, indicating that expanding birch leaf 
tissue is receiving signals from the environment (Bergmann, 2004), leading to rapid 
stress-adapting responses both in trichome and stomatal patterning.   
 
Directly after the frost treatment, there was a drastic decrease in net photosynthesis and 
in stomatal conductance rates, followed by a depression in net photosynthesis lasting for 
more than two weeks (Chapter 3). The frost induced depression of photosynthesis 
followed by the prolonged recovery time was also observed in field experiments with 
the same birch genotypes (Silfver et al., 2007) and Eucalyptus (Davidson et al., 2004). 
The decline in net photosynthesis in our chamber experiment can be explained by a 
decrease in total pigment quantity and deleterious ultrastructural alterations of the 
chloroplasts due to frost treatment (Chapter 2 and 3). In the combined ozone and frost 
treatment, ozone significantly exacerbated the frost induced decrease in stomatal 
conductance as well as the decline in the amount of total pigments (Chapter 3). 
Furthermore, ultrastructural abnormalities typical for single ozone (dilation and 
distortion of thylakoids, smaller starch grains) and frost (shrinkage of chloroplasts, 
disintegration of the chloroplast envelope, peripheral reticulum and destabilization of 
the thylakoid membrane) stress were both found in the combined stress treatment, 
indicative of a massive damage to the photosynthetic machinery. As a consequence, 
considerable losses in biomass accumulation would be assumed to occur over a longer 
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time frame. A slight increase in the amount of total non-structural carbohydrates (TNC) 
was observed both in single ozone and frost treated seedlings, whereas in the combined 
stress treatment a significant decrease in these early photosynthesis products was 
detected, pointing to the exhaustion of the carbohydrate stores as they are expended in 
the repair processes. Likewise, single ozone and frost treatment increased the amount of 
total soluble proteins, whereas combined stress resulted in a decline in the level of total 
soluble proteins. Generally, an increase in the amount of total soluble proteins (e.g. 
pathogenesis related proteins, enzymatic antioxidants) is a well known response to both 
ozone and pathogen stress (Pellinen et al., 2002). During the cold acclimation process, 
accumulation of antifreeze proteins is often found, resulting in reduced freezing injuries 
through restricted growth and recrystallization of ice (Atici & Nalbantoglu, 2003; 
Griffith et al., 2005). This surprising failure to observe any increase in soluble protein 
quantity in the combined ozone and frost treatment may reflect a restricted capacity to 
activate defence reactions under multiple stress situations, possibly caused by limitation 
of photosynthesis product supply. In addition to above-mentioned perturbations linked 
to the increasing need for defence and repair, the elevated foliar nitrogen content under 
combined ozone and frost stress may predispose birch to damage by insect herbivores.  
 
Based on results from visible injury evaluations and biomass measurements, genotypes 
with a fast growth rate (genotypes 21 and 22) suffered considerably from frost, ozone 
and combined stress treatment. On the other hand, the photosynthesis rate of these 
genotypes was least affected by ozone and frost, evidence of a well-protected 
photosynthesis machinery at suboptimal temperatures resulting in a rapid recovery after 
a short-term acute freezing stress. In agreement, previous experiments with several 
Betula origins and hybridizations have indicated that breeding for growth rate increased 
also adaptability to environmental stresses (Oksanen & Rousi, 2000). In addition to 
growth rate, timing of bud burst seems to be an important but complex factor 
contributing to the environmental stress tolerance of birch. Our studies demonstrated 
that early bud burst predisposes the seedlings to spring-time frost, while late bud burst 
tends to predispose them to early-season ozone stress (Chapter 2). Therefore, the 
intermediate bud burst, as recorded for the most fast-growing genotypes 21 and 22 in 
our experiment, can be regarded as a favourable characteristic, as suggested also by 
Oksanen & Rousi (2001). 
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6.2 Impact of ozone on pathogen performance 
In our field experiment with two hybrid aspen and two European aspen clones, good 
Venturia tremulae resistance of hybrid aspen and high V. tremulae sensitivity of 
European aspen was demonstrated, which could be explained by constitutive differences 
in the amounts of flavonoids and salicylates between the species (Chapter 4). In 
addition, exposure to ozone increased the resistance of European aspen to aspen shoot 
blight, although no general increase in foliar phenolic compounds was detected (Chapter 
4). However, we found an increase in the amount of chlorogenic acid under ozone 
treatment in both species, and additionally, an increase in neochlorogenic acid and a 
quercetin derivate in European aspen (Chapter 4). Recent studies with transgenic 
tobacco (Shadle, 2003) and potato (Yao et al, 1995) plants have indicated that 
chlorogenic acid plays a role in pathogen resistance, although the exact mechanism by 
which this compound provides pathogen protection is not yet well understood (Grace, 
2005). The ability of chlorogenic acid to act as an antioxidant is considered to 
contribute to enhanced disease resistance in plants containing high levels of this acid. 
Furthermore, quercetin has been found to possess the highest ROS scavenging potential 
of all the flavonoids (Rice-Evans et al., 1997). Therefore, increased V. tremulae 
resistance of European aspen under ozone might be explained by the increased levels of 
chlorogenic acid, neochlorogenic acid and a derivate of quercetin. It is well documented 
that ozone may lead to increased pathogen resistance due to the induction of plant 
responses (e.g. induction of antioxidants and phytoalexins) resembling the 
hypersensitive response (HR) and systemic acquired resistance (SAR) occurring after 
pathogen attack (Conklin & Barth, 2004). An increase in the levels of phenolic 
compounds both as high molecular weight phenolic polymers (e.g. lignin) and as low 
molecular weight phenolics (flavonoids, salicylates, tannins) is a common and well-
known plant response to pathogen stress (Grace, 2005). Lignin is deposited as 
supplementary cell wall strengthening at the infection site and prevents further spread of 
the pathogen, whereas low molecular weight phenolics act as phytoalexins and 
antioxidants (Grace, 2005). Flavonoids in general, both as constitutive and induced 
antifungal compounds, play an important role in plant resistance (Treutter, 2006). 
Previous studies have shown that ozone may stimulate phenylpropanoid metabolism in 
plants and possess the potential to modify plant-pathogen interactions (Grace, 2005). 
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In general, the effects of ozone on host plant-pathogen relationship can be either 
beneficial, as reported in this study, or negative for the plant, depending highly on 
which particular species is involved (Bell et al., 1993; Manning & von Tiedemann, 
1995; Sandermann, 1996). The distinct plant-pathogen interactions can be explained by 
the different consequences of ozone and pathogen caused ROS formation. Whilst 
exposure to ozone is linked to an increase in ROS scavenging antioxidants, plants react 
to pathogen attack in an incompatible plant-pathogen interaction by down-regulation of 
antioxidant capacity and amplification of ROS production, both of which are involved 
in triggering programmed cell death and in that way limiting disease progression (Apel 
& Hirt, 2004). The ozone-caused increase in the antioxidant status could lead to 
inhibition of these processes, resulting in enhanced disease development. Furthermore, 
in an experiment with parsley, the pathogen stimulated oxidative burst has been found 
to be crucial for activation of defence genes including those genes involved in 
phenylpropanoid metabolism (Jabs et al., 1997). Inhibition of pathogen stimulated 
oxidative burst prevented defence gene activation and phytoalexin accumulation (Jabs et 
al., 1997). This ozone-caused perturbation of the pathogen induced defence response 
might explain why in some cases ozone increases the sensitivity of plants to pathogens. 
Furthermore, increased leaf wettability due to ozone (as mentioned in 6.1) is likely to 
enhance spore adhesion and germination on the upper leaf surface and, consequently, 
could lead to increased inoculation rates. 
 
In addition to ozone-caused activation of phenylpropanoid metabolism, the way in 
which a pathogen enters the host (via penetration or via stomata) might play an 
important role in determining whether ozone exacerbates or mitigates disease 
symptoms. Firstly, ozone has been found to decrease leaf thickness (Chapter 2 and 5; 
Oksanen et al., 2005), which may provide easier access to the leaf interior by pathogens 
entering the host via direct penetration of the epidermis. On the other hand, results from 
studies with beech (Busotti et al., 2005) and grapevine (Ljubesic & Britvek, 2006) have 
described increased leaf thickness due to elevated ozone, and this could increase the 
resistance to pathogens. Furthermore, ozone may provide protection from spore 
inoculation by simply causing stomatal closure. This phenomenon may increase the 
resistance of plants to pathogens entering the host via open stomata. In our open-field 
study with aspen (Chapter 4), we found evidence that V. tremulae entered the host 
through open stomata. Furthermore, as mentioned above, we observed an increase in V. 
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tremulae resistance of European aspen under elevated ozone, which is likely to have 
been at least partially attributable to ozone-triggered stomatal closure. In addition to 
activated chemical defence through certain phenolics and stomatal closure under 
elevated ozone, we cannot rule out a possible direct toxic effect of ozone on V. tremulae 
fungus as was reported in the review by Heagle (1973). Accordingly, inhibition of 
sporulation, decreased germination rates and decreased growth of hyphae due to ozone 
exposure were observed in several fungi species infecting cereal crops. 
  
Nitrogen supplement did not affect the severity of aspen shoot blight in our experiment. 
This is an important finding, because nitrogen supplementation is a common practice in 
northern forestry due to the fact that nitrogen is the growth limiting factor in most non-
tropical terrestrial ecosystems (Vitousek & Howarth, 1991). Previous studies have 
indicated that nitrogen fertilization may lead to a weakened defence status due to carbon 
and nitrogen allocation for growth as was found by Ruhmann et al. (2002), who 
reported an increased susceptibility of apple trees to apple scab (Venturia inaequalis) 
when the trees were fertilized with nitrogen.  
 
 
 
 
6.3 Impact of ozone on feeding   the  behaviour of a herbivore
Numerous studies have confirmed the potential of ozone to modify both the anatomical 
and metabolic properties of leaves, which may cause alterations in host-herbivore 
interactions and herbivore performance (Valkama et al., 2007). 
 
In our field-based study with two hybrid aspen (Populus tremula x P. tremuloides) 
clones (Chapter 5), ozone caused a delay in bud burst (Chapter 5). Additionally, we 
found constitutive differences in the timing of bud burst between the clones. The ozone 
tolerant clone 55 opened its buds a few days later as compared to the ozone sensitive 
clone 110, which - together with the ozone-caused delay - led to considerable 
differences in the ontogenic stage of leaves between clones and treatments. The 
phenology of the host plant plays an important role in the performance of herbivorous 
insects as demonstrated in an experiment with oak (Quercus robur) and the winter moth 
(Operophthera brumata) (Schoonhoven et al., 2005). Newly hatched winter moth larvae 
 
are able to attack their host plant only in a narrow time-frame (ontogenic stage) 
beginning from bud burst until the extension of the first flush leaves, thus these insects 
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require a precise synchronization of bud burst and their time of hatching. Individual 
trees starting either very early or very late with bud burst remain unattacked in a process 
called “phenological escape” (Schoonhoven et al., 2005). Although no records exist for 
young adult Phyllobius pyri beetles, it is possible that leaves in a developmental stage 
coinciding with the time of pupal hatching during co-evolution are preferred to leaves at 
a different ontogenic stage.  
 
In this study, P. pyri clearly preferred clone 55 to clone 110, as well as ozone exposed 
leaves to ambient air leaves (Chapter 5). Microscopical analyses revealed that clone 55 
and ozone exposed leaves had significantly lower leaf thicknesses as compared to clone 
110 and to ambient air leaves. On the other hand, those leaves preferred exhibited 
higher amounts of phenolic compounds (salicylates and tannins), which are generally 
believed to be toxic for polyphagous insect herbivores (Hemming & Lindroth, 1995; 
Ikonen et al., 2002).  
 
Commonly, herbivores with a narrow host-plant range tend to prefer young leaves, 
whereas polyphagous species have been found to prefer mature leaves (Schoonhoven et 
al., 2005). Young leaves are generally more nutritious, but contain higher amounts of 
secondary metabolites (Julkunen-Tiitto, 1989; Bingaman & Hart, 1993), thus requiring 
the existence of detoxification systems by specialist species (Schoonhoven et al., 2005). 
Studies with plants from the Salicaceae family have revealed that phenolic glycosides 
may not only be tolerated but also act as stimulants for leaf beetles with Salicaceous 
host plants (Orians et al., 1997). Although P. pyri is considered as a polyphageous 
species, the host range of adult P. pyri beetles encompasses mainly plant species from 
the families Betulaceae (birch, alder) and Salicaceae (aspen, willow) (Axelsson et al., 
1973), which are both rich in phenolic compounds suggesting that these insects have the 
ability to survive on phenolic rich hosts without belonging to the group of specialist 
species. Consequently, the observed preference of young, nutritious leaves indicated by 
thin and soft tissues and high concentration of phenolic compounds might not be 
surprising.  
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Taken together, exposure to ozone caused a shift in the anatomical and chemical leaf 
properties, leading to a greater palatability to P. pyri of the ozone exposed leaves. This 
experiment showed that realistically elevated ozone concentrations have the potential to 
alter host selection patterns of P. pyri. As a consequence, a shift towards hitherto less 
tasty genotypes associated with a greater reproduction rate and regionally severe 
outbreaks may be predicted in future. 
 
6.4 Experimental conditions and limitations 
In environmental stress studies, it is extremely important to validate the results from 
laboratory experiments in realistic field conditions to gain biologically relevant 
information, as indicated by our ozone x frost interaction studies (Chapter 1 and 2; 
Silfver et al. 2007). Although we tried to minimize the “effect of chamber” in our ozone 
and frost experiment by rotating the plants within and between the chambers, the plants 
were growing in an artificial environment without being exposed to changing weather 
and wind conditions meaning that they had softer and less lignified tissues than would 
be the case if they were in a natural environment. As a consequence, the impact of 
ozone and frost treatment might have had a stronger effect on visible injuries as 
compared to the field experiment. Furthermore, the birch genotypes in the chamber 
experiment experienced daily the same average temperature profile. Although the 
average temperature profile in the field matched very well with the simulated profile, 
daily temperatures in the field were variable with clear minimums and maximums and 
the plants were exposed to low temperatures before the actual frost treatment, which is 
likely to explain the lack of acute visible frost injuries. In addition, the open-field 
environment imposes continuously oxidative stress on the plants due to prevailing UV 
radiation and the exposure to pathogens and pests. 
 
In the open-field experiment with hybrid aspen and European aspen clones, the aim was 
to achieve high soil nitrogen levels by applying 140 kg N ha-1yr-1 throughout the 
growing season, compared to 60 kg N ha-1 yr-1 in the low nitrogen treatment. Although 
nitrogen addition significantly increased the leaf nitrogen content in both species 
(Häikiö et al., 2007), leaf nitrogen concentrations were still relatively low as compared 
to results from other studies with Populus species (Tjoelker et al., 1999; Curtis et al., 
2000). Recent research has indicated that ammonium nitrate (used in our experiment) is 
an unsuitable nitrogen source for hybrid poplars and that the pH value of the soil is of 
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major importance in nitrogen uptake (Des Rochers et al., 2006). Consequently, it is 
likely that the actual uptake of nitrogen was less than predicted, explaining the limited 
impact of nitrogen fertilization in our experiment. Otherwise, the results gained from 
our open-field experiments are considered to represent case studies of high ecological 
importance, because ozone fumigations were technically accurate and exposure 
conditions were well-documented (Chapter 3; Häikiö et al., 2007). 
 
6.5 Conclusions 
 Although frost-caused visible leaf injuries were not exacerbated by ozone, the 
presence of ultrastructural chloroplast injuries is evidence of the negative 
interactions of combined ozone and frost treatment. 
 The joint action of ozone and frost caused a drastic decline in photosynthesis, 
stomatal conductance, total pigments and early photosynthesis products (TNC), 
in conjunction with severe structural damage to the chloroplasts. 
 Fast growing genotypes recovered well from acute ozone and frost stress, but 
displayed considerable reductions in biomass accumulation. 
 Birch genotypes exhibited an impressive phenotypic plasticity in their response 
to ozone and frost pointing to a good adaptive capacity to a changing 
environment. 
 In aspen, ozone mitigated the infection with aspen shoot blight due to induction 
of distinct flavonoid compounds and possibly stomatal closure. These results, 
however, cannot be generalized because they clearly depend on the species 
involved and on the specific infection pathway utilized by the pathogen.  
 Elevated ozone enhanced the feeding of P. pyri on hybrid aspen through shifts 
in anatomical and chemical properties of leaves, pointing to an increasing risk 
for future herbivory damage to these species. Nonetheless, we should be very 
cautious about drawing any general conclusions about the influence of ozone 
on other plant-herbivore relationships or impacts on entire ecosystems. 
 
in complex interactions with pathogens and insects herbivores: while 
Increased synthesis of foliar phenolic compounds is an important defence 
mechanism against ozone stress also in aspen, as has been previously reported 
for birches. However, ozone-caused changes in phenolic profile seem to result 
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protection was observed against V. tremulae pathogen, the leaves were more 
vulnerable to P. pyri feeding. 
 
6.6 Future research needs 
In this thesis, the combined actions of ozone and other stress factors were evaluated. To 
gain an insight into the complex functioning of an entire ecosystem, multiple stress 
exposure experiments with three or more stress factors are still needed, both under 
controlled chamber and realistic field conditions. Since certain phenolic compounds, 
e.g. chlorogenic acid, quercetin, condensed tannins and salicylates, have been 
demonstrated to be important in many stress situations, more effort should be directed at 
understanding their roles in more detail. Novel gene silencing and up-regulation 
methods open new possibilities to verify the specific role of different phenolic 
compounds in ozone-pathogen and ozone-herbivore interactions, and in different 
defence activation situations. For instance, genetically modified poplars showing down-
regulated and up-regulated pathways for condensed tannins are already available for 
experimental use. 
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